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The analysis of the sediment accumulation, erosion and transport processes in combined 
sewers is a key issue within urban drainage systems. Sewer sediments represent the main 
source of pollution in sewer systems to the receiving environment. 
This thesis aims to study in detail these phenomena to propose optimal solutions that lead 
to sustainable urban development. To this end, the self-cleansing efficiency and the absence 
of blockages by gross solids in egg-shaped pipes were tested in comparison with circular 
sewer pipes. In addition, as a major differentiating element, a Flume Test Facility was set up 
to perform in-sewer deposition, erosion and transport experiments with various pipes by 
supplying urban wastewater. In this facility, new techniques and methodologies were 
developed to increase the accuracy in the measurement of the accumulation and transport 
of in-sewer sediments, as well as to analyse their physicochemical properties. Furthermore, 
experiments were also performed on small-scale models to characterise the concentration 
and size of suspended particles by using acoustic sensors. As a result, a large dataset was 
obtained to develop advanced strategies for the design, operation and maintenance of 
combined sewer systems. 
 
Resumen 
El análisis de los procesos de acumulación, erosión y transporte de sedimentos en tuberías 
de saneamiento unitario es esencial en los sistemas de drenaje urbano. Estos sedimentos 
representan la mayor fuente de contaminación dentro de los sistemas de saneamiento hacia 
el medio receptor.  
El propósito de esta tesis es estudiar en detalle estos procesos para poder plantear 
soluciones óptimas que den lugar a un desarrollo urbano sostenible. Para ello, se ha 
ensayado la eficiencia de autolimpieza y de ausencia de obstrucciones por sólidos gruesos 
en tuberías de saneamiento unitario con geometrías ovoides en comparación con tuberías 
circulares. Además, como gran elemento diferenciador, se ha puesto en marcha una 
Plataforma Científica que permite ensayar diferentes conducciones con agua residual 
urbana. En este modelo se han desarrollado nuevas técnicas y metodologías para medir con 
mayor precisión la acumulación y transporte de sedimentos en tuberías, así como para 
analizar sus propiedades fisicoquímicas. Asimismo, se han realizado ensayos en modelos a 
escala reducida para caracterizar la concentración y el tamaño de partículas en suspensión 
a través de sensores acústicos. Como resultado, se ha obtenido un gran conjunto de datos 
que podrá utilizarse para el desarrollo de estrategias avanzadas de diseño, operación y 






O estudo da acumulación, erosión e transporte de sedimentos en tubaxes de saneamento 
unitario é esencial dentro de calquera sistema de drenaxe urbana. Estes sedimentos 
representan a maior fonte de contaminación dentro dos sistemas de saneamento cara o 
medio receptor. 
O propósito de esta tese é estudar en detalle estes procesos para poder expor solucións 
óptimas que dean lugar a un desenvolvemento urbano sostible. Para iso, ensaiouse a 
eficiencia de autolimpeza e de ausencia de obstrucións por sólidos grosos en tubaxes de 
saneamento unitario con xeometrías  ovoides en comparación con tubaxes circulares. 
Ademais, como gran elemento diferencial, púxose en marcha unha Plataforma Científica que 
permite ensaiar diferentes conducións con auga residual urbana. Neste modelo 
desenvolvéronse novas técnicas e metodoloxías para medir con maior precisión a 
acumulación e o transporte de sedimentos en tubaxes, así como para analizar as súas 
propiedades fisicoquímicas. Así mesmo, realizáronse ensaios en modelos a escala reducida 
para caracterizar a concentración e o tamaño de partículas en suspensión a través de 
sensores acústicos. Como resultado, obtívose un gran conxunto de datos que poderá 
utilizarse para o desenvolvemento de estratexias avanzadas de deseño, operación e 
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1 General outlook 
The accumulation, erosion and transport of sediments in combined sewer systems are 
important sources of pollution in urban areas. Secondary sewer networks, which consist of 
pipes with diameters less than 400 mm, significantly contribute to the production of these 
depositions mainly due to insufficient flow velocities during long-term dry weather periods. 
The accumulation of bed deposits reduces the pipe cross-section and increases the bed 
roughness. Consequently, the discharge capacity decreases, leading to progressive or 
sudden blockages. The persistence of sediment accumulation contributes to the generation 
of gasses and odours, such as methane and hydrogen sulphide, and increases the frequency 
of flooding and combined sewer overflow (CSO) episodes. The release and mobilization of 
these depositions during rainfall episodes can overload sewer systems, thus influencing 
receiving aquatic environments. Regarding climate change, the sewer management must 
address new challenges, such as the increase of deposited sediments during long periods of 
dry weather flows and the subsequence increase of mobilized pollution loads during more 
extreme rainfall events.  
Various solutions have been proposed both to prevent the deposition of in-sewer sediments 
and to avoid the pollution from sediment erosion and transport. Starting with the street 
surface maintenance, cleaning practices are efficient to remove large particles (Gromaire et 
al., 2000). The same practice is applied to the gully-pots maintenance to prevent the 
contribution of run-off pollutants (Butler and Clark, 1993). Within the sewer system, the 
installation of sediment traps, flushing gates, and CSO retention tanks are some solutions to 
track the position and to force the removal of sewer sediments (Ashley et al., 2000; 
Bertrand-Krajewski and Gibello, 2008; Llopart-Mascaró et al., 2015). One of the preventive 
solutions to manage in-sewer sediments, which is analysed in this thesis, is the replacement 
of circular pipes with egg-shaped cross-section pipes to improve self-cleansing conditions 
during dry weather flow conditions (Bertrand-Krajewski, 2003; Ashley et al., 2004). 
Besides these preventive solutions, a better understanding of the sediment accumulation, 
erosion and transport processes is required. These are complex processes due to the high 
heterogeneity of wastewater particles and the flow variability during rain events (Ashley et 
al., 1992). An in-depth analysis of the cohesion and consolidation of the sediment bed, its 
morphological structure and the biological transformations of the organic matter is 
therefore a key issue (Ristenpart, 1995; Ashley and Verbanck, 1996). Also, the concentration 
and the size distribution of suspended solids and the transport of gross solids should be 
characterized.  
Several experimental campaigns were conducted both to understand these processes and 





Test Facility was set up in the wastewater treatment plant (WWTP) of A Coruña. This facility 
allows different sewer pipe geometries to be tested under close-to-real conditions by 
supplying wastewater from the WWTP. Moreover, the facility controls, measures and 
characterizes wastewater and sediment discharges. As for experimental campaigns, new 
methodologies were implemented to characterize sediments deposited in pipes. For 
instance, Structure from Motion (SfM), a photogrammetric correlation technique, was 
applied to determine the sediment bed morphology in accumulation and transport episodes. 
In addition, the sediment biodegradability and its influence on sediment transport was 
analysed by adapting analytical techniques to determine the chemical oxygen demand (COD) 
or the oxygen uptake rate (OUR). Furthermore, the facilities of Eawag, the Swiss Federal 
Institute of Aquatic Science and Technology (Dübendorf, Switzerland), were available to 
apply ultrasonic acoustic techniques to determine the concentration and size distribution of 
suspended particles through the acoustic turbidity analysis.  
2 State of the art 
This section summarizes the state of the art related to both the mobilization of sewer 
sediments and the hydraulic performance of sewer pipes. Sewer sediments are 
heterogeneous mixtures of solids or particles with a significant organic fraction that can be 
deposited or released into wastewater depending on the discharge conditions in combined 
sewer pipes (De Sutter, 2000; Gromaire et al., 2001; Grabowski et al., 2011). Studies on in-
sewer sediment mobilization processes have been typically conducted both in full-scale 
laboratory models and in field campaigns. The main advantage of laboratory models is the 
control of variables. However, most facilities do not offer the possibility of testing organic 
cohesive sediments and real wastewater, which influences the biological processes of 
deposited solids (Banasiak et al., 2005). Conversely, field campaigns present real conditions 
but with a high uncertainty in measurements due to their representativeness and 
reproducibility (Bertrand-Krajewski et al., 1993). In the light of these studies, various models 
have been developed to predict the sediment mobilization in combined sewers. 
The structure of this literature review is divided into three subsections: the first part is 
focused on sewer sediment sources, their classification and the main parameters analysed; 
then, several experimental studies related to sewer pipes and the sediment mobilization are 
described according to whether they have been performed in a laboratory full-scale model 
or in a field campaign. Based on the results of these studies, common models are included 
in the last part of this section to predict the sewer sediment deposition, erosion and 
transport. 
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2.1 Characterization of sewer sediments 
The composition of sewer sediments is highly nonhomogeneous and encloses various 
particle sizes and classes, as well as various physicochemical and biological properties (Seco, 
2014). Sewer sediments sources are commonly classified in five groups (Ashley et al., 2004): 
i) the atmosphere, ii) the surfaces of catchments, iii) the domestic sewage, iv) the in-sewer 
processes, and v) the industrial and commercial activities. The main sediment contribution 
to combined sewer systems is associated with the wash-off from impervious surfaces. Once 
inside the sewer system, the types of sediment transport are the bed and suspended load 
(Ashley and Verbanck, 1996). 
Bed load transport is conditioned by fixed or loose solids deposited in the invert of the pipe 
(Bertrand-Krajewski, 2006). Bed deposits are mainly accumulated in combined sewer 
systems by insufficient velocities. The factors influencing the wastewater flow regime are 
usually the characteristics of the sewer system (slope, length, cross-section, roughness and 
maintenance of pipes), the sediment composition (concentration and physicochemical 
properties), and the alternation of dry and wet weather periods (Seco, 2014).  
Bed deposits are commonly ranked in 5 types, from A to E, following the Crabtree (1989) 
classification (Figure 1.1). Coarser and granular sediments correspond to Types A and B. The 
difference between both classes lies in the addition of fat, bitumen or cement to Type B 
sediments. Conversely, Type C sediments are related to mobile and fine-grained materials, 
which generally are above Type A sediments in slack flow areas. Type D class represents the 
organic slimes and biofilms that appear around the water level. Finally, Type E sediments 
classify the fine-grained and organic solids in CSO tanks. 
 
Figure 1.1. Processes in a sewer cross-section pipe adapted from Puertas et al. (2008) (a). Sediment 
classification and characteristics adapted from Crabtree (1989) (b). 
Various methodologies have been developed to perform the sediment depth monitoring 





Krajewski et al., 2006), although many measurements are required to provide accuracy in 
both time and space. Hence, automatic monitoring techniques are more suitable. For 
instance, sonars are sensors that use ultrasonic waves to obtain sediment profiles (Bertrand-
Krajewski and Gibello, 2008; Lepot et al., 2017). Bed formations can be identified after 
performing various space-separated measurements (Figure 1.2a). In addition, the use of 
visualization techniques, such as endoscopy, improves the observation of the wastewater-
sediment interface in sewers (Oms et al. 2003). Similarly, inspection cameras may also be 
used (Tang et al., 2017; Campisano et al. 2019) despite their limitation by the turbidity of 
the sewage. 
To keep the structure of the sediment undisturbed during the sediment sampling in 
combined sewers is a challenge. To avoid this limitation, some field investigations use 
carbonic ice to freeze the sediment sample in large sewers (Figure 1.2b) (Ristenpart et al., 
1992; Bertrand-Krajewski et al., 2006; Velasco et al., 2013). Thus, the vertical variability of 
bed deposit characteristics can be studied (Ristenpart, 1995). Organic fraction differences in 
the sediment depth influence the critical bed shear stress and, therefore, the incipient bed 
load transport (Skipworth et al., 1999; Tait et al., 2003c; Schellart et al., 2005).  
 
Figure 1.2. Scheme of a measurement with sonar (Bertrand-Krajewski and Gibello, 2008) (a), and an 
example of a frozen sediment sample (Velasco et al., 2013) (b). 
Physical and biochemical parameters are analysed from bed deposit samples. The sediment 
density and the particle size distribution are the most commonly physical properties. These 
properties depend on the sediment source (Ashley and Crabtree, 1992; Verbanck et al., 
1994). The particle density strongly fluctuates according to the organic content which also 
modifies the sediment cohesiveness (De Sutter et al., 2000; Seco, 2014). Moreover, the 
particle grain size of bed deposits plays a significant role in the sediment pollution level. 
Large particles (0.06 – 2 mm) are usually inorganic and non-consolidated materials. 
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Conversely, fine-grained particles (silts and clays, < 0.06 mm) show higher organic matter 
fractions due to their larger specific gravity values (Velasco et al., 2013). Furthermore, sewer 
deposits may contain other polluting substances, such as heavy metals, PAHs, PCBs, flame 
retardants, pesticides, and even PPCPs and illicit drugs, which might be resuspended and 
transported to receiving waters (Rocher et al., 2004; Houhou et al., 2009; Del Río et al., 2013; 
Munro et al., 2019; Schertzinger et al., 2019). 
Regarding biochemical properties, earlier studies were based on the transformations of 
organic matter and consolidation processes by analysing the volatile fraction and the oxygen 
consumption indicators from bed deposit samples (Vollertsen and Hvitved-Jacobsen, 2000; 
Tait et al., 2003c; Banasiak et al., 2005). The COD of sediments provides an instantaneous 
information of the level of pollution in the sample. According to the preparation process of 
the sample, the COD may indicate the total or the readily erodible pollution of the sewer 
deposit (McGregor et al., 1993). In addition, the OUR, which is an approximation of the 
biological oxygen demand (BOD), shows the biological transformations in the organic 
fraction of the sediment. Besides, a deeper analysis of the microbial community also 
provides an insight of the anti-scouribility properties of sewer sediments (Meng et al., 2019).  
The increase of discharge conditions during stormwater episodes produces the erosion and 
entrainment of sediments into the wastewater flow in combined sewer systems. These 
sediments are transported in suspension together with lighter particles, thus enhancing the 
pollutant load in the sewer system (Sakrabani et al., 2009). Consequently, the uncontrolled 
discharges of high-polluted wastewater may impact on receiving waters severely. To assess 
the mobilization and characterization of pollutants in sewer systems, sampling campaigns 
are frequently conducted. For this purpose, the suspended solid (SS) concentration is the 
most common parameter, also used as an aggregating proxy of other suspended substances, 
such as particulate heavy metals and micro-pollutants (Hengren et al., 2005; Rossi et al., 
2009; DWA-A102, 2016). This parameter shows significant spatial variations by analysing the 
concentration profiles (e.g., Ristenpart et al., 1995; Verbanck, 2000). Over the last decades, 
automatic samples have been developed to analyse the vertical variability in concentration 
profiles, such as the Depth-Integrated Sample Arm (DISA) (Selbig and Bannerman, 2011). 
However, the single-point sampling is still the most common method despite the 
enhancement of uncertainty in results (Sandoval et al., 2018).  
Besides the periodic sampling, wastewater loads can also be monitored by using continuous 
sensors. Many field studies use optical sensors, such as UV-Vis spectrophotometers, to 
estimate the suspended solid concentrations from the light absorbance in the wastewater 
(Lepot et al., 2016; Carreres-Prieto, 2019). For this purpose, a previous calibration with 
analysed samples is required. Nevertheless, this calibration is limited due to the particulate 
matter dynamics in sewers, such as the variability of the particle size distribution during a 





alternative technology to monitor the suspended particle characteristics is presented by the 
acoustic turbidity sensor. The backscattering signal estimates the suspended solid 
concentration and the particle grain size variability (Betteridge et al., 2008; Thorne et al., 
2014). However, the application of this technique in sewer systems is still underdeveloped 
(Pallarès et al., 2011), so it will be discussed in Chapter 6. 
2.2 Field and laboratory investigations 
The characterization of sediments has been reported by numerous research studies over the 
past decades. Their objective was to understand the origin of pollutant loads in sewer 
systems from the physicochemical analysis of sediments: Verbanck (1990) in Belgium, 
Chebbo and Bachoc (1992) in France, and Ahsley and Crabtree (1992) in UK, among others. 
Moreover, the concept of the age of sediments was introduced by Ristenpart (1995) in 
Germany. This study analysed the temporal evolution of the physicochemical properties of 
bed deposits to identify new and consolidated sediments. Thereafter, many studies have 
endeavoured to manage the mobilization of solids in combined sewers and their 
contribution to wet weather pollutant loads (Gromaire et al., 2001; Gasperi et al., 2010). For 
this purpose, field campaign measurements were typically based on monitoring the 
suspended solid concentrations and the evolution of sediment deposits and bed shear stress 
conditions (Oms et al., 2008; Larrarte et al., 2017; Shahsavari et al., 2017). Likewise, some 
investigations were focused on the transport and biological disintegration of gross solids, 
which are sewer solids greater than 6 mm originated from WC discharges with a specific 
gravity between 0.9 and 1.2 (e.g., Butler et al., 2003; Penn et al., 2018a). 
Laboratory studies were historically developed along with field investigations. The main 
advantage of performing experiments in full-scale models is the control over the variables. 
Most open-channel pipe flow studies were carried out in circular conduits. Flow velocity and 
shear stress distributions are the most common values to measure the hydraulic 
performance of pipes (Berlamont et al., 2003; Clark and Kehler, 2011). Regarding the egg-
shaped pipes, detailed hydrodynamic experiments and velocity-distribution laws are missing 
in literature. Nevertheless, some analytical formulas can be applied to estimate the velocity 
distribution in this type of cross-section (e.g., Guo et al., 2014). 
Experiments performed in full-scale models with solid deposits aimed to develop sediment 
transport models based on former river and open channel formulations (Bertrand-Krajewski, 
2006). The first approaches were therefore obtained from tests conducted in circular pipes 
with permanent and mobile bed deposits of non-cohesive materials (Perrusquía, 1992; May, 
1993; Nalluri et al., 1994; Ackers, 1996). However, the resulting models showed inaccurate 
predictions of erosion and transport compared to sewer measurements (Arthur et al., 1996; 
De Sutter et al., 2003). Then, laboratory studies tried to approximate better the sewer 
sediment composition and cohesion by replacing uniform sands with cohesive mixtures 
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(Torfs, 1994; De Sutter et al., 2000; Banasiak and Verhoeven, 2008; Campisano et al., 2008) 
and surrogate organic materials, such as crushed olive stones (Tait et al., 1998; Skipworth et 
al., 1999). In addition, some investigations considered the consolidation processes and the 
biological degradation of sewer sediments to estimate the scouring mass (Tait et al., 2003c; 
Banasiak et al., 2005). Nevertheless, these studies ignored both the influence of the 
wastewater flow on the consolidation and biological transformations of bed deposits and 
the interaction between suspended and deposited sediments during the erosion and 
transport processes. 
Finally, some facilities were identified to conduct the experimental campaign under 
controlled laboratory conditions with a continuous wastewater supply. For instance, the 
National CSO Test Facility (Wigan, UK) comprised a pipe of 60 m long and 800 mm in 
diameter (Figure 1.3a). The wastewater flow was supplied from the local sewage to study 
the in-sewer sediment transport (Rushforth et al., 2003a). In addition, Lange and Wichern 
(2013) presented a full-scale model placed in the Ölbachtal WWTP (Bochum, Germany) that 
consisted of three glass parallel pipes of 10 m long and 300 mm in diameter. This study was 
focused on measuring bed deposit formations and deposition rates considering the 
discharge variations produced by the WWTP daily flow. To the author’s knowledge, the 
longest flume pilot system supplied with wastewater was presented by Hunter (2018) at the 
Luggage Point WWTP (Brisbane, Australia) to study the mobilization of activated sludges. 
This sewer pilot system was 1200 m long, combining 100 mm pressure and 225 mm gravity 
pipes. Other different full-scale facilities consisted of annular flumes with a rectangular 
section. Several experimental research studies, such as Maa et al. (2008) in the laboratory 
carousels in the Virginia Institute of Marine Science (USA) and at the Chonbuk National 
University (South Korea), were performed in these types of flumes to study the transport of 
cohesive sediments. In addition, surrogate and real in-sewer sediments were also used by 
some annular flume studies: for example, Tait et al. (2003a) in the WL Delft Hydraulics (The 
Netherlands) and Khastar-Boroujeni et al. (2017) in the Hydraulic Laboratory at the 






Figure 1.3. Outdoor view of the National CSO Test Facility (Rushforth et al., 2003a) (a), and captures 
of the annular flume in the Hydraulic Laboratory at the Shahrekord University (Khastar-Boroujeni et 
al., 2017) (b). 
2.3 Sewer sediment processes 
The processes of deposition, erosion and transport of sediments in sewer pipes are 
described in this subsection (Figure 1.4). The first point is focused on the sedimentation and 
consolidation processes in bed deposits. Sediment erosion and transportation, which in turn 
are divided into suspended and bed load transport, are then explained. Finally, the 
mobilization of gross solids in sewer pipes is introduced. In addition, several prediction 
models evaluating the sediment mass related to each phenomenon are shown. 
 
Figure 1.4. Scheme of the sediment deposition, erosion and transport processes in sewer pipes based 
on the illustrations of Murali et al. (2019, 2020). 
2.3.1 Sedimentation 
The variation of deposited sediments in sewers is a meaningful parameter to better 
understand the accumulation processes. There are several field and laboratory 
investigations focused on the measurement of sediment deposition rates in combined 
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sewers (expressed as kg/m/day or mm/day). After conducting a seasonal campaign in 
Brussels main trunk, Verbanck (1992) presented daily deposition rates between 0.154 and 
0.176 kg/m/day. In addition, Ashley et al. (1992) summarized long-term measurements in 
sewers, showing annual deposition rates of 0.009 – 0.065 kg/m/day and 0.016 – 0.029 
kg/m/day for pipe diameters of 300 and 375 mm, respectively, and 0.030 – 0.500 kg/m/day 
for larger collectors. Under similar sewerage conditions, Dirksen et al. (2012) obtained 
deposition rates ranging from 3 to 10 mm/year (0.01 – 0.03 mm/day). Regarding laboratory 
studies, Lange and Wichern (2013) reported a mean deposition rate of 2.85 mm/day under 
dry-weather conditions within 30 days of study, reaching daily increases of 20 mm/day. 
However, this value was reduced to 0.75 mm/day by considering dry and wet weather 
conditions. 
Previous studies presented a significant variability in measurements, conditioned by the 
sewer system characteristics and the biological transformations of the physicochemical 
properties of bed deposits. Thus, the prediction of sedimentation in sewers is still a difficult 
target. The most common prediction technique is based on historical measurements, but it 
strongly depends on the place of study (Ashley et al., 2000). Conversely, simplified 
approaches were developed to determine the sedimentation according to the pipe 
hydrodynamics. As an example of these methods, Pisano et al. (1979) proposed a simplified 
methodology to assess the percentage of suspended solids deposited (𝑍) as a function of 
the bed and critical shear stress conditions, 𝜏  and 𝜏  respectively, in small sewers: 
𝑍 = 40
.
 for 𝜏 >  𝜏                  (1-1a) 
𝑍 = 40  for 𝜏 ≤  𝜏                  (1-1b) 




                     (1-2) 
where 𝑊  and 𝑊  are the sediment bed width and the maximum sediment bed width, 
respectively. Alternative methods require more detailed information on the basin of study. 
For instance, Pisano et al. (1981) proposed several equations to predict the daily sediment 
deposition based on the characteristics of the sewer system, such as the wastewater 
flowrate, the total length, and the average slope and diameter of pipes. 
2.3.2 Sewer sediment erosion and transport 
Regarding sewer sediment characteristics and wastewater flow conditions, particles can be 
mobilized as suspended and bed load. The motion of suspended particles occurs when the 





them at the same velocity (Butler and Davies, 2004). Conversely, the forces operating the 
equilibrium of deposited particles are weight (including buoyancy effects), the fluid drag 
force, the collision with other moving particles, and cohesion forces. Various criteria have 
been proposed to define the mode of transport, most of them based on the ratio between 
the particle settling velocity (𝜔) and the shear velocity (𝑢∗). For instance, Raudkivi (1998) 
suggested a method for fluvial transport hydraulics: 
 Suspended load: 𝜔 𝑢∗⁄ < 0.6 
 Saltation:  0.6 < 𝜔 𝑢∗⁄ < 2.0 
 Bed load:  2.0 < 𝜔 𝑢∗⁄ < 6.0 
Following a similar approach, Ashley and Verbanck (1996) established a sedimentation 
parameter (𝜂) to distinguish between suspended and bed load transport in sewer hydraulics:  
 Suspended load: 𝜂 ≤ 3.0 
 Bed load:  5.0 < 𝜂 < 15.0 
𝜂 = 𝜔 κ𝑢∗⁄ , where κ is the von Kármán constant (κ = 0.41). 
The suspended particles in combined sewer flows exhibit small diameters (≈40 µm) and a 
large organic content (≈90%) (Ashley and Verbanck, 1996). These particles are distributed 
along the vertical wastewater column, showing higher concentrations in the near-bed region 
(Ristenpart et al., 1995; Arthur et al., 1996). The mass of suspended sediments transported 
in the wastewater depends on the wastewater particle concentration and the flowrate 
conditions. Consequently, the suspended load transport rate 𝑞  can be defined by the 
following equation: 
𝑞 = ∫ 𝐶(𝑧)𝑈(𝑧)𝑑𝑧                     (1-3) 
where 𝑧 is the vertical coordinate, 𝑎 is the reference level, ℎ is the water depth, 𝐶(𝑧) is the 
suspended load concentration, and 𝑈(𝑧) is the velocity profile. The vertical distribution of 
the suspended sediment concentration 𝐶(𝑧) in a steady-uniform flow can be expressed 
following the advection-diffusion equation (Coleman, 1970): 
𝜀 + 𝜔𝐶 = 0                                  (1-4) 
where 𝜀  is the sediment diffusion coefficient. Various research studies proposed solutions 
to this differential equation based on the definition of the reference level 𝑎 and the 
suspended load concentration at this level (e.g., Rouse, 1937; van Rijn, 1984b; Verbanck, 




= ln + 𝐴                     (1-5) 
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where 𝑘  is the bed equivalent roughness, and 𝐴  is a constant of integration from Prandtl’s 
mixing-length formulation. 
Bed load transport occurs under insufficient velocity conditions to keep particles suspended 
but enough to overcome incipient motion for bed sediments (Murali et al., 2019). This 
transport mode depends on the strength of the sediment bed, which is typically assessed by 
the bed shear stress (𝜏 ). Besides flow conditions, this parameter is influenced by the bed 
grain roughness and the presence of bed formations. For this reason, 𝜏  can be expressed 
as the sum of the skin friction and bed form shear stress, 𝜏  and 𝜏  respectively. However, 
sediment transport only depends on the shear stress caused by the grain roughness 
(Banasiak and Verhoeven, 2008). Hence, to overlook the influence introduced by bed forms, 
bed load transport capacity formulas estimate the bed load transport rate (𝑞 ) based on the 
skin friction shear stress criteria (𝜏 ).  
Previous investigations included equations to predict the absolute movement of non-
cohesive particles in open-channels based on bed shear stress conditions (Meyer-Peter and 
Müller, 1948; Ackers and White, 1973; Van Rijn, 1984a; Ackers, 1991). These models were 
originally developed to be first applied to rivers and then adapted to predict the sewer 
sediment transport in combined sewers. Although the movement of bed load sediments is 
similar in rivers and sewers, the incipient motion process is different (Ashley et al., 2004). As 
mentioned above, sewer sediments are cohesive and organic mixtures in opposition to 
granular non-cohesive particles that are deposited in rivers. Besides, the bed structure of 
sewer sediments is conditioned by the biological transformations of physicochemical 
properties due to consolidation processes, resulting in non-uniform sediment layers 
(Ristenpart, 1995). The differences in sediment layer compositions make the incipient 
movement for sewer solids, commonly expressed as the critical bed shear stress, difficult to 
predict (Ashley et al., 2004; Bertrand-Krajewski, 2006). Furthermore, river-based prediction 
formulas consider a continuous erosion of the course. However, the availability of sewer 
sediments deposited in sewers is limited, especially in the upper part of the system 
(Verbanck et al., 2004). There is a continuous spatial and temporal distribution of these 
sediments in the whole system (Seco, 2014). 
River-based equations were adapted to predict the sediment transport in sewer pipes. Some 
bed load transport formulas were applied to predict the sewer sediment mobilization, 
although they were based on experimental laboratory studies carried out with non-cohesive 
and uniform sediments (e.g., May, 1993; Perrusquía and Nalluri, 1995; Ota and Nalluri, 
2003). For instance, Ota and Nalluri (2003) proposed a power relationship between the 
dimensionless skin friction shear stress 𝜃  and the dimensionless bed load transport 𝜙 . This 
relationship was based on the Meyer-Peter and Müller (1948) equation but with a lower 
critical bed shear stress: 





where 𝜃  and 𝜙  parameters are obtained by the following formulas: 
𝜃 = 𝜏 (𝑔(𝜌 − 𝜌)𝑑 )⁄                    (1-7a) 
𝜙 = 𝑞 /(𝜌 (𝑔𝑑 (𝜌 − 𝜌)/𝜌) . )                  (1-7b) 
where 𝑔 is the gravity acceleration, 𝜌  and 𝜌 are the particle and fluid density respectively, 
and 𝑑  is the particle mean grain size. 
Conversely, these models resulted in poor predictions for cohesive sediments in comparison 
with bed load transport measurements in sewers (Arthur et al., 1996; De Sutter et al., 2003). 
Field investigations introduced a boundary between the suspended and bed load sediments 
referred as near-bed layer, in which sediment highest concentrations were measured (e.g., 
Verbanck, 2000). Some experimental field campaigns modified laboratory-based equations 
to predict the bed load transport for cohesive non-uniform sediments. For example, Arthur 
et al. (1996) suggested the following equation by modifying the inorganic near bed transport 
rate model proposed previously by Perrusquía and Nalluri (1995): 
𝜙 = 2.2775 × 10 𝜃
.
𝐷∗
. 𝑍 . (𝐵 ℎ⁄ ) .                  (1-8) 
where 𝐷∗ is the dimensionless particle diameter, 𝑍 = 𝑑 ℎ⁄  is the relative grain size, ℎ  is 
the water depth, and 𝐵 is the width of the fluid surface. 
The application of these 𝜙  – 𝜃  models to analyse the bed load transport conditions is 
shown in Chapter 5. Following the procedure described by Banasiak and Verhoeven (2008), 
this approach presents the best fit for the near bed layer mobilization of partly cohesive 
particles and sands in circular pipes. The main limitation of 𝜙  – 𝜃  models is that the 
availability and continuous supply of deposited sediments in sewer pipes are not considered.  
Alternatively, erosion models are also applied to describe the release of bed deposits. These 
models define an erosion rate based on the relative bed shear stress equation proposed by 
Parchure and Metha (1985): 
𝐸 = 𝑀                      (1-9) 
where 𝐸 is the erosion rate, 𝑀 is a calibration factor, and 𝜏  is the critical shear stress at the 
point of erosion.  
Later studies tried to define the initiation of motion for sewer sediments. For this purpose, 
laboratory experiments were conducted with cohesive mixtures, especially clay, and crushed 
olive stones to reproduce the sewer sediment erosion and transport behaviour (Tait et al., 
1998; Skipworth, 1999). The resulting formulations considered the layered consolidation of 
bed deposits, although they led to complex equations to assess the critical shear stress (𝜏 ). 
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Hence, an extensive calibration should be applied in combined sewers (Saul et al., 2003; Tait 
et al., 2003b; Seco et al., 2018). 
Both bed load transport and erosion capacity models ignored the accumulation of bed 
deposits when turbulence forces are insufficient to keep particles suspended, thus reducing 
the wastewater flow area and the discharge capacity of the pipe. Likewise, the biological 
transformation related to deposition and consolidation processes were also overlooked. 
Under these conditions, bed load transport and erosion equations can be combined with the 
Exner equation to obtain the sediment continuity between the time-evolution of bed 
deposits and the hydraulic performance of the sewer system (e.g., Mannina et al., 2012): 
1 − 𝜆 = −                   (1-10) 
where 𝜆  is the sediment porosity, ℎ  is the bed deposit height, and 𝑞  is the bed load 
transport per width unit.  
Recent works used the Computational Fluid Dynamics (CFD) coding to simulate the open-
channel flow in pipes with bed deposits (Alihosseini and Thamsen, 2019; Murali et al., 2020), 
although the combination between the computation of meshes, Reynolds-Averaged Navier-
Stokes (RANS) and sediment transport equations are still challenging issues. The same occurs 
with the computational development of Lagrangian and combined Eulerian-Lagrangian 
particle tracking models to estimate the mobilization of gross solids (Murali et al., 2019). 
Hence, research outcomes should be transferred to erosion and transport models to 
improve sewer sediment management (Mannina et al., 2012). 
2.3.3 Gross solid transport 
Besides the analysis of the accumulation, erosion and transport of sewer sediments, this 
study is also focused on the transport of gross solids. Gross solids are defined as sewer solids 
mainly coming from WC wastewater discharges, showing at least a dimension larger than 6 
mm and a specific gravity close to the unity. The movement of gross solids in sewer pipes 
with small diameters is intermittent. They can be easily deposited and resuspended 
according to the flowrate and depth conditions (Walski et al., 2011), thus leading to eventual 
blockages in sewer pipes or impacts on aquatic environments if gross solids are released in 
CSO events (Sidwick, 1984; Butler et al., 2003). Accordingly, laboratory and field 
experimental studies aimed to characterize the transport of normalized gross solids. The 
models included in previous studies were based on the relationships between the 
wastewater flow velocity (𝑈 ) and the gross solid velocity (𝑈 ).  
A linear approach was proposed by Schütze el al. (2000) and Butler et al. (2003), where 𝛼 





𝑈 = 𝛼 · 𝑈 + 𝛽                   (1-11) 
Walski et al. (2011) defined a power relationship in which the velocity of the gross solid was 
also defined by a flow threshold, 𝑄 , the specific gravity of the gross solid, 𝑆𝐺, and the 
pipe slope, 𝑆: 
𝑈 = 1.95 · 𝑆𝐺 . · 𝑆 . · 𝑄 . · 𝑈                 (1-12) 
Recently, an alternative power relationship was proposed by Penn et al. (2018a). This model 
considered a threshold critical velocity, 𝑈 , and a critical depth, (ℎ 𝐷⁄ )  (where ℎ is the 
flow depth and 𝐷 is the pipe diameter), to determine the initial movement of the gross solid. 
The model was defined by parameters 𝛼, 𝛽, and 𝛾: 
𝑈 = 𝛼 · 𝑈 + 𝛽                  (1-13) 
The implementation of gross solid transport equations is ignored in commercial sewer 
models, which are usually based on the accumulation and transport processes of sewer 
sediments (Murali et al., 2019). Nevertheless, both transport modes are related to each 
other as gross solids, especially faeces, can be easily eroded and occasionally broken due to 
turbulent processes in sewers (Penn et al., 2019). Therefore, further efforts are required to 
develop integrated models that could provide predictions to prevent operation and 
maintenance issues in sewer systems. 
3 Motivation and thesis outline 
The understanding of the sediment deposition, erosion and transport processes in sewer 
systems is still an unsolved research topic. The variability of these phenomena leads to a lack 
of accurate data to validate mathematical models to predict the sediment processes in 
sewer systems. Generally, these models ignore the biological transformations in the 
sediment deposition despite they affect the erosion and subsequent transport. 
Furthermore, the application of preventive solutions in sewer conduits, such as the use of 
pipes with better self-cleansing conditions, will contribute to the improvement of the 
efficiency of sewer systems. 
This thesis presents an experimental characterization of the accumulation, erosion and 
transport processes in the combined sewer systems related to organic and cohesive 
sediment depositions, suspended particles, and gross solids. This is one of the strategic 
research areas developed by the Water and Environmental Engineering Research Group 
(GEAMA) of the University of A Coruña (UDC). The GEAMA group has an extensive 
experience in experimental laboratory models, which have been mainly developed in the 
Hydraulics Laboratory of the Centre for Technological Innovation in Construction and Civil 
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Engineering (CITEEC) and in field campaigns supported by the Sanitary and Environmental 
Engineering Laboratory, which is equipped to perform all conventional wastewater 
analytical determinations. In this research, the collaboration and support from both 
laboratories was necessary and successful.  
The thesis shows the results of the author’s contribution in the following R&D national 
projects: 
 OvalPipe: Development of egg-shaped pipes to improve the efficiency of sewer 
systems. Desarrollo de tuberías ovoides para la mejora de la eficiencia de las redes 
de alcantarillado. Reference: ITC-20133052. 
 OvalPipe 2: Development of egg-shaped systems using extrusion technology and 
pipe-joining systems to improve the efficiency of sewer systems. Desarrollo de 
sistemas ovoides mediante la tecnología de extrusión y sistemas de unión para la 
mejora de la eficiencia de las redes de saneamiento. Reference: RTC-2016-4987-5. 
 SEDUNIT: Analysis of the accumulation, erosion and transport processes of cohesive 
sediments in urban sewer systems. Análisis de los procesos de acumulación, erosión 
y transporte de sedimentos cohesivos en sistemas de saneamiento urbano. 
Reference: CGL2015-69094-R. 
The OvalPipe (from 2013 to 2015) and the OvalPipe 2 (from 2016 to 2019) projects were 
headed by the local company ABN Pipe Systems S.L.U. aimed at developing polyethylene 
pipes with egg-shaped cross-sections to be implemented in combined sewer systems. These 
geometries are widely used in main concrete sewer collectors. However, the presence of 
egg-shaped pipes with small diameters in upstream secondary pipelines is marginal because 
current industrial processes are only developed for plastic circular pipes. Conversely, the 
SEDUNIT (from 2016 to 2019) was a national research project focused on the fundamental 
and applied research of in-sewer pipe processes and was conducted simultaneously with the 
previous research studies. The main objective of this study was to determine the 
accumulation, erosion and transport processes of organic and cohesive sediments in 
combined sewer pipes. 
The first commitment within the OvalPipe project was both to define an optimal egg-shaped 
solution and to compare its hydraulic efficiency with an equivalent circular pipe. For this 
purpose, a prototype of the egg-shaped pipe was tested in the CITEEC. Based on these 
measurements, a CFD model was calibrated to analyse the hydraulic performance between 
the egg-shaped and an equivalent-area circular pipe. The results of this experimental and 
numerical study are shown in Chapter 2. 
The construction of the Flume Test Facility inside the WWTP of A Coruña was included in the 





flow boundary conditions and sediment transport characteristics. The purpose of this facility 
was to conduct experimental campaigns to study the sediment accumulation and transport 
in sewer pipes under real wastewater conditions. The first experimental campaign is 
described in Chapter 3 and consisted of deposition tests to compare the self-cleansing 
efficiency between a 315 mm circular pipe and a plastic egg-shaped prototype with an 
equivalent area.  
 
Figure 1.5. General view of the Flume Test Facility (Anta et al., 2018). 
The following experimental campaigns in the Flume Test Facility extended the study to egg-
shaped and circular pipes with different diameters and roughness within the OvalPipe 2 
project. This project also included the installation of a gravity wastewater supplying system 
in the facility. Previous campaigns were carried out with a pumping supplying system in 
which the maximum particle size was limited. This new system introduced a complete grain 
size distribution of suspended particles and the presence of cloths and fibres in the inlet 
wastewater flow.  
Besides the deposition tests performed in the previous projects, experimental procedures 
were designed within the SEDUNIT project to study the erosion and transport processes of 
sediments in circular pipes with precedent accumulation periods. In addition, new 
techniques were developed both to characterize the volume and to analyse the 
physicochemical properties of the deposited sediments during this study. Chapter 4 
therefore reports preliminary results considering the time evolution of the sediment 
properties and their influence on the erosion and transport processes. Further tests were 
performed following this experimental procedure, including tests with the raw wastewater 
supplying system and pipes with different roughness.  
Chapter 5 summarizes the results obtained by the full set of sediment deposition, erosion 
and transport experiments performed in the Flume Test Facility for circular pipes with 
various diameters and roughness. These processes were analysed in detail by following the 
SEDUNIT project’s objectives. The study was focused on the biodegradation of the organic 
fraction of bed deposits depending on the accumulation phase period and the variability 
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observed in the sediment transport values. In addition, the influence of bed forms in the bed 
resistance of organic and cohesive sediment deposits was also analysed and compared with 
earlier research studies. Finally, this study also compared bed-load transport measurements 
with experimental-based equations. 
Furthermore, the sewer sediment processes analysed in the SEDUNIT project included the 
characterisation of suspended particles, for which an innovative application of multi-
frequency ultrasonic Doppler velocimeters was used. For this purpose, an experimental 
campaign was conducted in the Wastewater Laboratory of the Eawag (Dübendorf, 
Switzerland) during an international internship of the author of the thesis. The experiments 
were focused on the analysis of the relationship between the acoustic echo signal from the 
sensors and the particle concentration and grain size properties of different materials. The 
results are reported in Chapter 6. 
The last process analysed in this thesis is the transport of gross solids in circular and egg-
shaped pipes in Chapter 7, which was included in the OvalPipe 2 project. The purpose of this 
comparison was to evaluate the efficiency of these pipes to avoid blockages due to the gross 
solid transport in sewers. An experimental campaign was conducted in the Flume Test 
Facility, in which both pipes were tested under no bed deposit conditions. In addition, 
experiments showing sediment deposits in the circular pipe were performed to analyse the 
influence of the gross solid orientation on its velocity. 
To sum up, this thesis is structured into seven chapters. The purpose of Chapter 1 is to 
outline the thesis. This chapter summarizes the main results and discussion of the following 
studies, thus providing coherence to the thesis. Apart from the current introduction, the 
following chapters present a compilation of articles and reports that could be considered as 
individual studies. Each chapter includes its own state of the art, methodology, results, 
discussion, and conclusions. The acceptance of various articles, here chapters, in JCR journals 
certifies the interest and the novelty of this study by the international research community. 
In addition, the report of the international internship is also presented.  
4 Objectives 
The deposition and mobilization of sediments is still an unsolved problem in sewer systems, 
thus reducing the hydraulic capacity or even blocking the sewer network during dry weather 
periods and releasing pollutants into wastewater after rainfall episodes. Current models 
cannot reasonably predict the sediment accumulation, erosion and transport processes in 
sewers. They were commonly based on experiments performed in circular pipes inside 
laboratory facilities by using inorganic and non-cohesive or surrogate materials, which have 





out to calibrate and validate sediment transport models, but they showed poor 
reproducibility and high measurement uncertainty. Finally, reduced laboratory-scale erosion 
meters were also developed to predict the mobilization of in-sewer sediment, although the 
reproducibility of real hydraulic conditions was limited. This thesis therefore provides a wide 
experimental dataset to better understand the behaviour of in-sewer sediments under 
close-to-real conditions. In the experimental campaigns, sewer pipes with egg-shaped cross-
sections are raised to improve self-cleansing conditions, considering the transport of gross 
solids as well. Also, new techniques are featured to improve the characterization of bed 
deposits during accumulation, erosion and transport processes and the mobilization of 
suspended particles. These solutions are intended to reduce the number of pollution 
episodes and the impacts on the receiving aquatic environments, thus improving the 
sustainability of urban areas. 
To face this problem, several specific objectives were defined according to each 
experimental campaign: 
 The geometric definition of an egg-shaped cross-section pipe for small combined 
sewer systems based on both open channel flow basics and the hydraulic 
characterization of a prototype in a laboratory physical model. The results will be 
used for the numerical determination of the transport efficiency of egg-shaped and 
circular pipes without the presence of bed deposits based on shear stress outcomes.  
 The setting-up of the Flume Test Facility in the WWTP of A Coruña to conduct 
sediment transport experiments. The definition of a procedure to measure bed 
deposits, sediment properties, and velocity and shear stress profiles in circular and 
egg-shaped cross-section pipes. 
 The development of methodologies to measure the accumulation and sediment 
transport in combined sewer pipes by using photogrammetric techniques and 
considering the biodegradation of sediments.  
 The performance of an extensive accumulation and sediment transport 
experimental campaigns in various pipe configurations by focusing on the evolution 
of sediment bed deposits, the bed shear stress, the bed form resistance, and the 
time influence of sediment physicochemical properties on the bed-load transport.  
 The performance of batch experiments to characterize the suspended sediment 
transport using acoustic turbidity sensors under perfect-mixing suspension and 
close-to-real conditions.  
 Finally, to complete the study of sediment transport in combined sewer pipes, the 
development of an experimental campaign to preliminarily assess the hydraulic 
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performance of gross solids in circular and egg-shaped geometries under no-bed 
conditions and the presence of a bed deposit layer in the bottom of pipes. 
5 Results and discussion 
In the development of this PhD Dissertation, several solutions were studied both to better 
understand the accumulation, erosion and transport processes and to improve the efficiency 
of combined sewer systems. Among the solutions, the improvement of self-cleansing 
conditions in sewer pipes was analysed through the design and validation of egg-shaped 
plastic pipes, also paying attention to the gross solid transport performance. The design and 
the hydraulic characterization of these egg-shaped pipes are introduced in Chapter 2. Two 
relationships were used to define the theoretical egg-shaped pipes (H/R and r/R), based on 
the total height of the cross-section (H) and the top and the bottom radius (R and r, 
respectively). The egg-shaped section was geometrically defined by the relationship 
between the hydraulic radius under dry weather flow conditions and the maximum 
discharge capacity.  
After defining the egg-shaped geometry, a pipe prototype was installed in the Hydraulics 
Laboratory of the CITEEC to analyse its hydraulic performance. This pipe was 11 m long and 
the parameters that defined the egg-shaped cross-section were R = 110 mm, H = 385 mm, 
and r = 55 mm, with an area equivalent to a 315 mm diameter pipe. Various hydraulic 
uniform conditions were tested with relative depths (h/H) from 0.2 to 0.5. Under these 
conditions, water depths and centreline velocity profiles were recorded by using ultrasonic 
probes along the pipe and an Acoustic Doppler Velocimeter (ADV), respectively. These 
measurements allowed a Computational Fluid Dynamics (CFD) model to be calibrated to 
determine the hydraulic performance in the complete egg-shape cross-section (Figure 1.6a). 
The cross-sectional velocity distributions resulting from the numerical approach were 
compared with the analytic expression presented by Guo et al. (2014) for open-channels 
with conic curves (circumference, ellipse, parabola, and hyperbola), obtaining differences 







Figure 1.6. Experimental and numerical comparison of centreline velocity profiles for filling ratios of 
h/H = 0.2 and 0.3 (a). Comparison of the velocity contours between the results from Guo et al. (2014) 
and the CFD model, and relative errors for h/H = 0.5 (b). Velocity contours are expressed in m/s. 
The calibrated numerical model was applied to compare the hydraulic performance of the 
egg-shaped cross-section using a circular pipe with an equivalent cross-section area. A series 
of numerical simulations were conducted in both pipe sections to assess their behaviour 
under partially filled pipe flow conditions. As a result, the egg-shaped cross-section pipe 
presented higher average velocity and shear stress values with respect to the circular pipe 
for relative depths h/H < 0.25, thus reaching an improvement of 15% for a relative depth of 
0.10 in terms of shear stress. Indeed, these are the common operating water depth 
conditions in combined sewers. Therefore, better self-cleansing conditions for combined 
sewer pipes can be expected for the egg-shaped cross section pipes. Nevertheless, this 
analysis only considered numerical simulations and experimental conditions without 
wastewater loads or the presence of sediment deposits. For this purpose, several 
experimental campaigns were carried out in the Flume Test Facility, which is in the WWTP 
of A Coruña, to study the behaviour of the accumulation, erosion and transport of sediments 
in pipes, thus simulating the real conditions of combined sewer systems. 
The setting-up and the first experimental campaign carried out in the Flume Test Facility are 
shown in Chapter 3. This flume presented a metallic bench with a length of 10 m and a width 
of 0.8 m, on which a 315 mm circular pipe and a PVC prototype of the equivalent egg-shaped 
cross-section pipe were placed at first. At the end of the bench, a tailgate was installed to 
control downstream boundary conditions. The tailgate and the slope of the pipes could be 
set remotely.  
Wastewater inflow was pumped from the pretreatment system of the WWTP to the head 
tank of the facility, where several probes and an autosampler were placed to measure the 
sewage loads. In addition, a hydraulic pump was installed in this tank to recirculate the inlet 
wastewater, thus preventing the particle settling. Its activation also introduced different 
particle size distributions in the experiments (Figure 1.7). Furthermore, the wastewater 
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flowrate was measured and divided through two triangular weirs before the inlet of the 
pipes. Once inside the pipes, water depths, velocity distributions, and sediment 
characteristics were monitored through various apertures, which were opened along the 
pipes. 
 
Figure 1.7. Fixed and volatile fractions (a), and particle size distribution (b) of input sediments in 
tests with and without recirculation in the head tank. 
The initial experimental procedure consisted in studying and comparing the sediment 
deposition in a circular pipe with an outer diameter of 315 mm and in an equivalent-area 
egg-shaped pipe. For this purpose, constant wastewater discharges were established in both 
pipes simulating dry weather conditions. The combination of the flowrate, the slope of the 
pipes, the downstream boundary conditions, and the agitation in the head tank was different 
in each test. The evolution of the sediment depositions was measured by recording laser 
profiling images at the central apertures of the pipes (Figure 1.8). In addition, sediment 
heights were also measured with the ultrasonic sensors used to record the water depths. To 
carry out both deposition measurements, it was necessary to empty the pipes carefully to 
prevent the scouring of sediment deposits. Finally, sediment samples were taken at the end 
of the deposition period, from which the solid fractions, the grain size distribution, and the 






Figure 1.8. Raw image of laser pointing sediment profile (a), and calculation of sediment area with 
numerical subroutine (b). 
In the experiments, no deposition was obtained in the egg-shaped cross-section pipe. The 
accumulation was only registered in the circular pipe in tests with average flow velocities 
below 0.5 m/s. Under these conditions, insufficient velocities produced sediment 
depositions. In such cases, the growth of two types of sediments were identified by analysing 
the samples at the end of the accumulation period. Following the classification proposed by 
Crabtree (1989), bed deposits with a significant percentage of fine-cohesive particles were 
obtained at the bottom, as well as organic biofilms attached to the contour of the pipes. 
The bed deposits were periodically measured to calculate the evolution of the sediment 
deposition in the circular pipe. The laser profiling images provided greater information and 
accuracy of the sediment heights; however, this technique was limited by the length of the 
central apertures. Various sediment deposition rates were obtained regarding the mixing 
conditions in the head tank of the Flume Test Facility. The hydraulic pump agitation 
introduced coarser and more inorganic particles, which were more susceptible to be settled. 
Hence, greater deposition rates were observed in those experiments under head tank mixing 
conditions (Figure 1.9). Likewise, the lack of bed deposits in the egg-shaped pipe under the 
same discharge conditions confirmed that this cross-section pipe showed a better hydraulic 
performance under wastewater low-flow conditions, thus reducing the deposition of in-
sewer sediments that were susceptible to be released into receiving water bodies in CSO 
events. 
 




Figure 1.9. Measured sediment height in the 315 mm circular and equivalent-area egg-shaped pipes 
during the accumulation tests, marked with different symbols (Anta et al., 2018).  
The next experimental campaigns conducted in the Flume Test Facility were focused on the 
sediment deposition, erosion and transport processes in circular sewer pipes. As mentioned 
above, these processes are the most common pipe solutions in upstream sewer systems but 
may show poor self-cleansing conditions during dry weather flow conditions. Chapter 4 
introduces improvements in the experimental procedure and new insights to characterize 
the sediment deposition and transport in circular pipes with an outer diameter of 315 and 
400 mm. Regarding the sediment accumulation procedure, a 20-day deposition test was 
performed to analyse the consolidation of the bed-deposits and the variability of their 
physicochemical properties. For this purpose, various sediment samples were taken during 
this long-term accumulation period. On the other hand, this study introduced preliminary 
accumulation-erosion tests under different sediment deposit conditions. After the 
accumulation phase, the erosion was performed by increasing the flowrate discharge for 30 
minutes. Under these conditions, sediments were characterized before and after each test 
to measure the particle transport and the appearance of the bed forms. 
In addition to the advances in the experimental procedure, new methodologies were 
developed in this experimental campaign both to determine the volume of sediments and 
to analyse the physicochemical properties. The deposition of bed deposits was measured 
with the photogrammetric technique Structure from Motion (SfM). This method achieved 
the 3D reconstruction of the bed deposits and the pipe contour from a set of space-
distributed images at the central apertures (Figure 1.10). The volume of the bed deposits 
was therefore measured more accurately, so formations on the sediment surface could be 
analysed. On the other hand, various sample preparation protocols were followed to analyse 
several oxygen consumption indicators. Besides the COD analysis previously introduced, the 
oxygen uptake rate (OUR) was also studied as a benchmark of the biodegradable organic 






Figure 1.10. Picture of the accumulated sediments in the pipe contour (a) and view of the 3D 
reconstructed model (b) of the 315 mm diameter circular pipe. 
Long-term deposition results indicated a linear bed deposit growth in the 315 and 400 mm 
pipes during the first week, similarly to the previous experimental campaign. Once this 
temporary threshold was exceeded, the sediment reached a quasi-constant height. 
Regarding the sediment samples analysed during the deposition phase, slight temporary 
variations were obtained in the physical parameters, such as wet density, solid content, and 
mean grain size. Conversely, organic matter indicators presented a remarkable decrease as 
the deposition time passed. Indeed, this temporary reduction in the volatile content and 
oxygen consumption parameters influenced the erosion tests. The erosion rates reported a 
marked relationship between the mass eroded and the progressive consolidation and 
degradation of the deposited sediments (Figure 1.11). Therefore, unconsolidated bed 
deposits with higher organic content were more susceptible to be scoured during the first 
accumulation days, while a higher sediment bed resistance was expected in sediments 
deposited after long-term periods of accumulation. 
 
Figure 1.11. Variation of the erosion rate (a) and the physicochemical properties of initial bed 
deposits (b) for different consolidation period tests. 
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These evidences were observed with a limited number of experiments. To increase the 
reliability of measurements, some tests were replicated, and new configurations were 
created. Chapter 5 analyses in detail the accumulation, erosion and transport processes in 
circular pipes based on the experiments conducted in the Flume Test Facility. As a novelty, 
some of the latest experiments were performed by supplying raw wastewater with a gravity 
system, prior to the WWTP pretreatment system. Unlike the previous campaigns, this gravity 
supply system introduced complete grain size distributions and gross solids in the facility. 
Besides the 315 and 400 mm smooth circular pipes, a 315 mm corrugated circular pipe was 
included in this study. Regarding the experimental procedure, different accumulation and 
consolidation of the bed deposits were tested (3, 7, and 21 days), in which the evolution of 
the physicochemical properties was characterized. Likewise, newest erosion and transport 
experiments were performed by applying up to three consecutive velocity increases to 
analyse various shear stress conditions in the near-bed layer (Figure 1.12). 
 
Figure 1.12. Experimental procedure for the accumulation and erosion phases. 
The accumulation test campaigns showed a deposition rate ranging from 0.8 to 6.2 mm/day. 
This rate was obtained by measuring the bed deposit height for at least the first 7 days of 
deposition. Largest values were measured in the tests with the lowest flow velocities (< 0.3 
m/s) and the raw wastewater inlet configuration as the latter introduced higher suspended 
solid concentrations in the facility. Regarding the different roughness and diameters of 
pipes, no significant distinctions were obtained. 
During the process of sediment deposition, the sediment sample analysis evidenced the 
transformation of the physicochemical properties during the accumulation and 
consolidation phase, as stated above. A total of 88 sediment samples were analysed, which 
were divided into bed deposits (44 samples) and biofilms (44 samples) according to the 
classification proposed by Crabtree (1989). The analysis of the bed deposit samples 
confirmed that the values of volatile fraction (VS/TS) and the degradation of the organic 





the first days of accumulation (Figure 1.13a). Conversely, the analysis of the physical 
parameters of total solid content (TS) and wet density showed a slight increase (Figure 
1.13b). Concerning the wall biofilm analysis, higher values were obtained for the organic 
matter indicators. In addition, the organic matter degradation was similar to that recorded 
in the bed deposit samples; nevertheless, the total solid content and wet density results 
remained nearly constant (Figure 1.13, c and d). 
 
Figure 1.13. Time-induced variations in the mean and standard deviation values of the 
physicochemical properties (volatile content, COD type I, OUR, total solids, and wet density) of bed 
deposits (a and b) and wall biofilms (c and d). 
Erosion tests were focused on the measurement of the sediment mobilization produced by 
different bed resistance conditions, which depended on the hydraulic and the initial bed 
deposit conditions. The sediment bed resistance was evaluated by the bed shear stress (𝜏 ), 
which was expressed as the maximum of the Reynolds shear stress profile near the bed 
surface. Under certain shear velocity and particle size conditions, these profiles were 
disturbed by the presence of bed forms. The spatial bed-form distributions were measured 
with the SfM technique, which determined their height and length dimensions.  
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The influence of the bed forms in the bed resistance was evaluated on the basis of the bed 
shear stress decomposition, which is commonly expressed as the sum of the skin friction and 
bed form shear stress, 𝜏  and 𝜏  respectively. This evaluation is usually carried out by 
comparing the dimensionless bed and skin friction shear stress, thus obtaining the variables 
𝜃 = 𝜏 (𝑔(𝜌 − 𝜌)𝑑 )⁄  against 𝜃 , calculated in the same way from 𝜏 . In addition, there 
are equations based on experimental studies, such as Engelund and Hansen (1967) and Ota 
and Nalluri (2003), which evaluate the differences between the dimensionless shear stress 




                (1-14a) 
𝜃 = 18𝜃
.
                (1-14b) 
The results obtained by the erosion and transport tests showed similar values of 𝜃  and 𝜃  
under flat-bed conditions, while slightly higher values of 𝜃  were measured in the tests in 
which bed forms were observed (Figure 1.14). However, in those cases, the differences 
between 𝜃  and 𝜃  were lower than those predicted by the previous equations. The reason 
for this overestimation by the equations was the sediment composition. Organic and 
cohesive bed deposits were observed in this research regarding the non-cohesive sands used 
by Engelund and Hansen (1967) and Ota and Nalluri (2003). 
 
Figure 1.14. Measured dimensionless bed and skin friction shear stress, and calculated values from 
the approaches of Engelund and Hansen (1967) and Ota and Nalluri (2003). 
The erosion and transport of sediments are also influenced by bed forms. Consequently, 
sediment transport prediction formulas are historically based on the skin friction shear stress 
(𝜏 ). The literature shows two main sediment transport formulations regarding the 
composition of bed deposits: on the one hand, the mobilization of granular materials, which 





of fine cohesive particles. In these experimental campaigns, bed deposits showed a 
heterogeneous composition by the presence of granular and cohesive organic fractions. 
Following the criteria of similar studies (e.g., Banasiak and Verhoeven, 2008), the sediment 
transport mode was classified as bed load transport (𝑞 ), which was measured by 
subtracting the initial and the final mass of the bed deposits.  
The comparison between the skin friction shear stress (𝜏 ) and the bed load transport (𝑞 ) 
measurements indicated that, apart from the transformations of the physicochemical 
properties, the precedent deposition time also influenced the sediment motion threshold. 
Erosion and sediment transport tests performed with deposition periods of 3 days showed 
higher bed load transport values than those tested after consolidation periods of more than 
7 days (Figure 1.15). Hence, small variations in pipe flow conditions with poorly consolidated 
sediments led to increased sediment resuspension and transport. Likewise, the 
transformations in the sediment physicochemical properties contributed to the cohesion 
and bed resistance. 
 
Figure 1.15. Cont. 
 




Figure 1.15. Bed-load transport and skin friction shear stress values for the erosion tests after 
preceding deposition times of 3 (a), 7 (b), and 21 (c) days, and comparison with the bed-load 
approach for sands from Banasiak and Verhoeven (2008) (black line). Erosion test identification 
numbers follow the numbering in Table S2 of the Supplementary Information to Chapter 5. 
Bed load transport results were also compared with equations predicting the dimensionless 
value 𝜙 = 𝑞 /(𝜌 (𝑔𝑑 (𝜌 − 𝜌)/𝜌) . ). There are numerous references to models that 
predict the value of 𝜙  as a function of the dimensionless skin friction shear stress (𝜃 ) and, 
in some cases, the properties of the particles. To simplify this comparison, two models 𝜙  – 
𝜃  were selected. One model was developed on the basis of measurements in real sewers 
with organic and cohesive mixtures performed by Arthur et al. (1996), and the other model 
on the basis of uniform sand laboratory studies carried out by Ota and Nalluri (2003), 
resulting in Equations 1-15a and 1-15b respectively:  
𝜙 = 2.2775 × 10 𝜃
.
𝐷∗
. 𝑍 . (𝐵 ℎ⁄ ) .             (1-15a) 
𝜙 = 16.5(𝜃 − 0.036) .                (1-15b) 
To compare the measurements and the previous equations, erosion tests were classified 
according to the disturbance depth (𝛿), which is the difference between the initial and final 
sediment heights (Figure 1.16). Thus, experiments with significant disturbance depths 
followed a power approach and were in line with Equation 15a (Arthur et al., 1996). 
Conversely, predictions from Equation 15b (Ota and Nalluri, 2003) overestimated the bed 






Figure 1.16. Measured dimensionless bed transport and skin friction shear stress, and values 
calculated from the approaches of Arthur et al. (1996) and Ota and Nalluri (2003). 
Besides the bed-load transport, total sediment transport models also account the fraction 
that corresponds to the suspended sediment transport. This fraction is also relevant in urban 
stormwater and combined sewage because it can lead to important ecological impacts on 
aquatic ecosystems in case of uncontrolled sewer overflows. In addition, although the 
variability of suspend solid concentration under these circumstances has been widely 
studied, the understanding of the variation in the dynamics of the suspended particle size 
distribution and composition is still limited. An innovative procedure to characterize 
particles in water suspensions is therefore presented in Chapter 6. This technique is based 
on measuring the acoustic echo signals from multi-frequency acoustic Doppler sensors to 
approach the particle concentration and the particle grain size of different materials (Figure 
1.17a). For this purpose, the acoustic turbidity profiles were recorded by using the UB-Flow 
F315 and UB-Lab sensors (Ubertone, France) (Figure 1.17b). These profiles resulted from the 
combination of the attenuation and backscattering of the acoustic signal, which can be 
approached by the following exponential equation (Abda et al., 2009): 
𝑇 (𝑟) = 𝛽 , (𝑟)𝑒
∫ , ( )                  (1-16) 
where 𝑇 (𝑟) is the value of the acoustic turbidity obtained by the backscattered signal at the 
distance 𝑟 of the profile for a emission frequency 𝑗, and 𝛼 , (𝑟) and 𝛽 , (𝑟) are the 
attenuation and backscattering coefficients, respectively. 
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Figure 1.17. Conceptual idea to analyse multi-frequency acoustic Doppler echoes using PM of 
different size and concentration (a), and schematic principle of characterizing the acoustic turbidity 
ratio profile by extracting regression parameters (slope S and intercept I) (b). Figures were taken 
from Blumensaat et al. (2017). 
The experimental campaign was performed in a hydraulic flume placed in the Wastewater 
Laboratory of the Eawag (Dübendorf, Switzerland), in which sand and plastic particles were 
the suspended materials studied. Even though plastic particles do not usually appear 
between the suspended solids in wastewater, they are slighter than sand, so they can be 
easily kept in suspension to measure the acoustic turbidity in this procedure. In addition, 
this study was focused on particles with a mean grain size smaller than 63 µm due to the 
environmental relevance as a reference fraction of suspended solid concentrations. 
A series of batch experiments were conducted under different particle concentrations, size 
classes, and emission frequencies of the acoustic devices. This campaign was divided into 
two procedures. First, homogeneous and controlled suspensions were analysed inside a 
water tank with a constant stirring frequency (Mixing tank set-up, Figure 1.18a) and second, 
the same test configurations were performed in a pilot-scale flume (Flume set-up, Figure 
1.18b). This second procedure was closer to real in-sewer conditions. 
 
Figure 1.18. Schemes of Mixing tank (a) and Flume batch tests (b) set-ups. 











The results showed a clear dependency between the different concentrations and particle 
sizes and the acoustic backscattering coefficients, with a higher sensitivity to larger emission 
frequencies. These coefficients constantly raised as the suspended particle concentration 
increased in both procedures. Nevertheless, inconsistent values of the attenuation and 
backscattering coefficients were obtained between the Mixing tank and Flume procedures 
according to the particle size (Figure 1.19). The reason of this discrepancy can be explained 
by the bubbles produced by the flow discharge at the inlet tank in the Flume batch tests, 
thus including an additional particle in the acoustic turbidity model. Therefore, further 
acoustic turbidity studies should be focused on the decomposition of the backscattering 
signal by considering the bubble entrainment. 
 
Figure 1.19. Comparison of attenuation (slope S) (a) and backscattering (Intercept I) (b) values 
determined at emission frequency f0 of 9.375 MHz with increasing volumetric concentration Cv. 
Coloured dots indicate the particle size fractions (in μm). 
The last in-sewer sediment process analysed in this thesis is the transport of gross solids (GS) 
described in Chapter 7. These solids come from WC wastewater discharges and can lead to 
depositions and blockages in combined and separate sewers, operational issues in the 
WWTP, and eventual impacts if they are released into the aquatic media in CSO events 
(Sidwick, 1984; Butler et al., 2003). GS present a density close to water and a length greater 
than 6 mm in their dimensions. This study used artificial normalized gross solids, which were 
made with a 3D printer, to perform an experimental campaign in the Flume Test Facility 
placed in the WWTP of A Coruña: the objective was to compare the gross solid transport in 
a circular 400 mm PVC pipe with an equivalent-area egg-shaped pipe. Various configurations 
were carried out by varying the wastewater flow and the water depth conditions. During the 
experimental campaign, two initial release orientations were studied; that is, longitudinally 
and transversely to the direction of flow in the pipes (Figure 1.20, a and b). In addition, the 
movement of gross solids was also analysed with the presence and absence of bed deposits. 
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A linear approach relating the gross solid velocity (𝑈 ) to the wastewater flow (𝑈 ) was 
applied to study the GS transport behaviour: 
𝑈 = 𝛼 · 𝑈 + 𝛽                    (1-17) 
This model was proposed by Schütze et al. (2000) and Butler et al. (2003), where 𝛼 and 𝛽 
(m/s) are the coefficients that define the slope and the intersection of the Y-axis, 
respectively. As a result in the experiments without sediment deposits, a similar linear 
relationship was obtained between 𝑈  and 𝑈  in concordance with the previous 
references (Figure 1.20c). Besides, higher 𝑈  values were obtained in the egg-shaped pipe, 
thus indicating a better behaviour of this section in terms of GS transport. Finally, without 
sediment bed deposits in the pipes, the GS transport was not influenced by the initial release 
orientation. 
 
Figure 1.20. Gross solids transport in the circular pipe with initial longitudinal (a) and transversal (b) 
releases. Linear relationship between wastewater velocity, Uww (m/s), and GS velocity, UGS (m/s), for 
circular and egg-shaped pipes without sediment bed. 
GS transport tests with bed deposits were only performed in the circular pipe as no sediment 
depositions were observed in the egg-shaped pipe. The period established for the deposition 
was one week. Contrary to the previous tests, the results in this campaign indicated that the 
orientation of the GS at initial release and during its transport influenced the travel time and, 
therefore, its velocity 𝑈 . If the GS was released and guided with the largest dimension 
across the main flow, then it rolled over the bed surface obtaining gross solid velocities 𝑈  
similar to the wastewater flow 𝑈 , thus reducing its incipient motion threshold (Figure 
1.21). Conversely, in the experiments in which the largest dimension of the GS was released 
parallel to the main flow, the GS described an abrupt and intermittent path due to its 
embeddedness in the sediment deposits, although in some cases the GS varied its 






Figure 1.21. Linear relationships between wastewater velocity, Uww (m/s), and GS velocity, UGS (m/s), 
for circular pipe with and without sediment bed regarding the gross solid orientation. 
Finally, this thesis includes three appendices with additional information. First, a summary 
of the results in Spanish is attached in Appendix A. Second, the research studies published 
in relation to the thesis outcomes are listed in Appendix B. Lastly, the Appendix C cites the 
JCR publications related to the thesis scope in which the author has collaborated during the 
predoctoral stage. 
6 General conclusions 
In this thesis, several experimental campaigns were conducted to provide a better 
understanding of the sediment accumulation, erosion and transport processes in combined 
sewer pipes. For this purpose, various facilities were available, including the Flume Test 
Facility placed in the WWTP of A Coruña as a main advantage for the sediment transport 
characterization. Furthermore, an egg-shaped cross-section prototype was designed and 
tested in the Laboratory of Hydraulics of CITEEC, showing a better hydraulic performance 
and improving self-cleansing conditions compared with conventional plastic circular pipes in 
combined sewers. For this reason, deposition and transport experimental campaigns were 
mainly focused on circular pipes. Moreover, new insights were presented both to obtain 
better measurements of the volume of sediments deposited and eroded from the bottom 
of the pipes and to determine the degradability of the organic fraction in the sediment 
samples. The transformations in the sediment composition also affected the bed resistance 
and, consequently, the near bed transport. Besides the study of the bed load transport, this 
research characterized suspended solids. An acoustic turbidity monitoring system was 
therefore tested in the Eawag facilities to improve the particulate matter characterization. 
Finally, the mobilization and the blockage of gross solids in circular and egg-shaped pipes 
were preliminarily analysed and will be further developed in future researches. Regarding 
the studies presented in this thesis, the following main conclusions were drawn: 
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 In the first study, an egg-shaped cross-section pipe was defined by analysing both 
various dry-weather flows, the most frequent conditions in combined sewer 
systems, and the full-filling discharge capacity. After selecting the egg-shaped cross-
section pipe, its hydraulic performance was simulated with a CFD model and 
compared with an equivalent-area circular pipe. The CFD model was calibrated and 
validated using the centreline velocity profiles obtained in an experimental 
campaign performed in a laboratory full-scale model in the CITEEC. Velocity and 
shear stress values, which were obtained in the numerical comparison, certified that the 
egg-shaped cross-section pipes presented more advantageous hydraulic conditions 
from the point of view of sediment transport than circular conduits under dry-weather 
flows up to the 25% of the filling ratio. Likewise, numerical velocity distributions were 
also compared with an experimental formulation for conic geometries, resulting in a 
satisfactory concordance. 
 To prove the advantages of egg-shaped cross-section pipes in combined sewer 
systems, the Flume Test Facility located in the WWTP of A Coruña was used. This 
facility was designed to study in-sewer processes as accurately as in a laboratory 
model. In the first experimental campaign, a plastic egg-shaped prototype and an 
equivalent-area circular pipe were installed in the flume. Same low-depth and 
flowrate conditions were established and kept constant for several days in both 
pipes to compare their self-cleansing conditions. As a result, higher velocities and 
shear stress values were measured in the egg-shaped cross-section pipe, and 
sediment deposits were only observed in the circular pipe. Under these 
circumstances, a linear sediment height growth was determined and, consequently, 
centreline velocity profiles slightly increased during the sediment deposition tests, 
although shear stress profiles remained almost constant. 
 To deepen the study of the sediment deposition and transport in circular pipes, 
further experiments were performed in the Flume Test Facility using different pipe 
diameters. In these tests, new methodologies were developed both to measure the 
volume of bed deposits and to analyse the physicochemical properties of sediment 
samples. The use of the photogrammetric technique SfM resulted in an accuracy 
improvement to obtain the sediment bed surface. In addition, this new campaign 
analysed sediment biological transformations during long-term deposition tests. 
Under such conditions, organic matter indicators significantly decreased. 
Furthermore, erosion tests were also performed after different deposition periods 
to study the influence of the precedent accumulation time and the subsequent 
sediment transformations in the transport processes. As a result, freshly deposited 





 The whole set of accumulation tests performed in the Flume Test Facility showed 
constant sediment deposition rates within the first week and, subsequently, the 
steadiness of the sediment height. Significant differences were identified in the bed 
deposit growths regarding the wastewater source (TSS concentration and particle 
size distribution). Besides, long-term accumulation experiments proved the 
reduction of the organic fraction. Likewise, the results from the erosion and 
transport tests indicated that the degradation of the sediment organic fraction 
increased the cohesiveness of the sediment bed, which strongly influenced the 
transported mass as well. The latest sediment transport test procedure introduced 
several erosion steps with the aim of determining the mobilised sediments under 
different near-bed shear stress conditions. After some of these erosion steps, bed 
formations were identified, and their dimensions were measured with the SfM 
technique. The presence of bed forms on the surface produced a disturbance in the 
bed shear stress. Finally, bed shear stress results were compared both with bed load 
transport rates and various prediction models. Only those formulas that resulted 
from studies in combined sewer systems showed an acceptable agreement when 
the sediment erosion depth was significant. 
 A series of batch experiments were performed both in a tank and in a rectangular 
flume placed in the Wastewater Laboratory of the Eawag to prove that suspended 
particle characteristics could be approached from acoustic backscattering 
measurements. Both particle size distribution and suspended concentration 
produced disturbances in the attenuation and backscatter coefficients, which were 
recorded with acoustic turbidity devices. Moreover, the response derived from the 
particles in the backscattering signal also depended on the emission frequency. 
Nevertheless, the experiments performed in the flume showed inconsistent results 
regarding those carried out in the tank, mainly due to the presence of air bubbles 
that included additional suspended particles in the acoustic turbidity model. 
 To complete the analysis of the sediment transport process, an experimental 
campaign was conducted to study the mobilization of gross solids in a circular and 
egg-shaped cross-section pipe placed in the Flume Test Facility. Slightly faster GS 
velocities were obtained in the egg-shaped pipe under no sediment bed conditions. 
Besides, no blockages were produced by the GS despite the narrow bottom cross-
section of the egg-shaped geometry. The following experiments were only focused 
on the GS transport in the circular pipe with the presence of bed deposits. In these 
circumstances, the orientation of the GS was important. When the larger dimension 
of the GS travelled parallel to the main flow direction, the GS was barely mobilized 
because of its embedding in the deposited sediment. Conversely, the GS velocity 
was significantly higher when the larger dimension of the GS rolled over the bed 
surface, thus decreasing the mobilization threshold velocity. 
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7 Future research 
The experimental study carried out in this thesis is focused on the deposition and transport 
of sediments in sewers. The management of these in-sewer deposits is currently a main issue 
that causes a significant cost for public administrations. To prevent the loss of sediment 
transport capacity in combined sewer systems, this thesis analyses the use of plastic egg-
shaped cross-section pipes in upstream secondary sewers. The study is focused on the 
hydraulic performance of the egg-shaped geometry in comparison with conventional 
circular pipes, while the mechanical behaviour was beyond the scope of the thesis. Based on 
the results, the egg-shaped pipes showed better self-cleansing conditions than circular 
pipes. Nevertheless, the egg-shaped prototypes tested in this study revealed problems to 
keep their ovoid shape. Further steps could therefore consider new techniques to produce 
commercial plastic pipes. Regarding the installation issues in real combined sewer systems, 
the egg-shaped cross-section should be vertically aligned to keep the mechanical and 
hydraulic advantages, so lateral holds would be required. 
The experimental campaigns were performed in various facilities, including the Flume Test 
Facility placed in the WWTP of A Coruña as a unique scientific platform to perform sediment 
transport tests in open-channel configurations with a direct wastewater supply. Although 
the wastewater supply from the WWTP introduces a daily pattern of TSS concentration, the 
facility only allows a constant flowrate to be set. Further developments in the Flume Test 
Facility may consider a supplying system to provide a flowrate daily pattern and a higher 
range of sediment loads, thus simulating close-to-real conditions. In addition, the 
experimental procedure should be redesigned to complete the sediment mass balance, 
considering both the suspended and bed load characterization. For this purpose, continuous 
measurements should be improved. 
The methodologies developed in this thesis to measure the volume of bed deposits were 
designed by draining the pipes, which resulted in periodic measurements. However, their 
implementation in combined sewers would be challenging. Hence, innovative techniques 
based on distributed temperature sensing (DTS) can be applied to provide a continuous 
monitoring of the sediment deposition and transport in combined sewer pipes. The DTS 
technology uses the backscatter signal from previously installed fibre optic cable. On the 
other hand, the same issue is applied to sediment sampling. The sampling procedure 
performed in this thesis requires the drain of the pipes, so the application in field campaigns 
would be complex. In this regard, the GEAMA is developing a sediment sampler prototype 
to obtain undisturbed samples from combined sewer pipes. This device allows a layer-
analysis of the sediment physicochemical properties to be performed to obtain a better 





The presence of organic matter in the deposited sediments affects the cohesiveness, which 
changes depending on the consolidation processes. In this study, the analysis of the 
sediment biodegradability through the transformation of the physicochemical properties 
resulted in an acceptable approach to the bed resistance. Hence, future studies should focus 
on the possible compounds caused by these biological transformations, such as the 
extracellular polymeric substances (EPS). Furthermore, additional pollutants attached to the 
bed deposits should be analysed, i.e., heavy metals, pesticides or even PPCPs and illicit drugs. 
The resuspension of most of these substances could significantly reduce the dissolved 
oxygen concentration in receiving waters, but their mobilization inside the combined sewer 
systems has been poorly studied. 
Regarding the acoustic turbidity methodology to determine the suspended solid 
characteristics, further studies will be required to establish the de-convolution of the 
backscattering signal because of the suspended air concentration, which typically increased 
in combined sewers during rain episodes. This procedure will assess independently the 
influence of the particle properties and the air intrusion on the backscattering model. For 
this purpose, air bubbles can be characterized by using visualization-based techniques, such 
as Bubble Image Velocimetry (BIV), or conductivity and fibre optic probes, which measure 
the bubble concentration by monitoring the difference in the resistivity between water and 
air phases.  
To better understand GS transport processes in combined sewer systems, further 
experiments should be carried out using surrogate synthetic faeces to simulate their 
biological disintegration. In addition, tests performed with a layer of deposited sediments 
could consider the mobilization of bed deposits and, subsequently, the variation of the 
sediment height during the GS transport. In this regard, bed forms could also be considered 
as they presumably influence the GS velocity.  
To sum up, the deposition and transport of sewer sediments are complex issues that present 
a high number of variables. Experiments performed in full-scale models under controlled 
close-to-real conditions provide accurate outcomes due to the reproducibility, which 
reduces the uncertainty in measurements. Hence, the full experimental dataset showed in 
this thesis contributes to extend the knowledge about the mobilization of sediments in 
combined sewer systems. Further studies could consider the transference of the results 
obtained from experimental campaigns to real field conditions to improve the accuracy of 
sediment transport prediction models. Moreover, the implementation of the resulting 
models in numerical simulations will be helpful both to spot weaknesses in combined sewer 
systems and to establish future scenarios. This assessment, together with the development 
of sustainable urban drainage systems, will reduce the pollution on biological and 
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A Computational Fluid Dynamics (CFD) model was developed to analyse the open-channel 
flow in a new set of egg-shaped pipes for small combined sewer systems. The egg-shaped 
cross-section was selected after studying several geometries under different flow 
conditions. Once the egg-shaped cross-section was defined, a real-scale physical model was 
built and a series of partial-full flow experiments were performed in order to validate the 
numerical simulations. Furthermore, the numerical velocity distributions were compared 
with an experimental formulation for analytic geometries, with comparison results 
indicating a satisfactory concordance. After the hydraulic performance of the egg-shaped 
pipe was analysed, the numerical model was used to compare the average velocity and shear 
stress against an equivalent area circular pipe under low flow conditions. The proposed egg 
shape showed a better flow performance up to a filling ratio of h/H = 0.25.

 




Egg-shaped pipes appear as a suitable geometry for combined sewer sewage networks. Egg-
shaped conduits present higher resistance against traffic loads than conventional circular 
pipes. In addition, this kind of pipe also shows a better hydraulic performance in normal 
operation dry weather conditions of combined sewer systems, in which a high percentage 
of the time the flow discharge is conveyed by the lower part of the section. In these 
conditions, egg-shaped pipes present higher flow velocities due to their smaller wetted 
perimeter, reducing the sedimentation of particles and the sewer cleaning operational costs 
(Butler and Davis, 2004). The resuspension of sewer sediments during wet weather flows is 
an important source of the pollution of Combined Sewer Overflows (Suárez and Puertas, 
2005), and their control is one of the main objectives of the integrated urban water 
management in urban systems (Suárez et al., 2014). 
In spite of the structural and hydraulic advantages, egg-shaped pipes are not commonly used 
in the construction of small combined sewer systems because of their highest production 
costs. Nevertheless, with the evolution of production techniques such as plastic injection or 
extrusion, the fabrication costs of plastic egg-shaped pipes can be as competitive as circular 
plastic pipes. In this work we present the first stage of the collaborative OvalPipe R&D 
project that aims to develop a new functioning egg-shaped plastic pipe that is commercially 
viable and market competitive with the 300 – 400 mm diameter circular pipes. 
The first steps of the process consisted in the geometric definition and in the hydraulic 
analysis of the egg-shaped cross section. The egg-shaped geometry was designed with the 
objective of maximizing the hydraulic radius under low flow conditions and the discharge 
capacity under full-depth or near full-depth conditions. Once the cross-section was defined, 
a real-scale egg-shaped pipe was built at a laboratory facility to study its hydraulic 
characteristics. 
Most of the open-channel pipe flow studies were performed in circular conduits. For 
instance, the early studies of turbulence developed by Nezu and Nakagawa (1993) proposed 
different formulations to describe velocity profiles in circular cross-sections. Guo et al. 
(2014) developed new velocity distribution formulas for circular, elliptic, parabolic, and 
hyperbolic open-channels (hereinafter named as conic open-channels). Particle Image 
Velocimetry (PIV) technique was also developed to determine velocity distribution in small 
circular pipes (Yoon et al., 2012). Nevertheless, detailed hydrodynamic experiments for egg-






In order to analyse the behaviour of the circular and egg-shaped pipes, open-channel flow 
experiments were conducted with ANSYS CFX Computational Fluid Dynamics (CFD) code. To 
simulate the open-channel flow in closed conduits such as pipes, a two-phase flow model 
was developed to solve the interactions between liquid (water) and gas (air) interface 
(Newton and Behnia, 2000; Ghorai and Nigam, 2006; De Schepper et al., 2008; Bhramara et 
al., 2009). The experimental velocity profiles and shear stress values were compared with 
the numerical results, following the methodology proposed in previous studies (Berlamont 
et al., 2003). Finally, numerical results from egg-shaped and circular pipe analysis were also 
compared with the analytical open-channel flow Manning and Thormann-Franke equations. 
2 Material and Methods 
2.1 Egg-shaped section definition 
In the first step of the study an egg-shaped cross section was defined with an equivalent 
area to a 315 mm circular pipe (300 mm inner diameter). In terms of geometric construction 
of the egg-shaped profile, it was possible to use different families of curves and ellipses, 
sinusoidal functions, arcs, or specific methods. In the present work, a combination of arcs 
was chosen in order to build an egg-shaped cross-section (Figure 2.1a). This cross-section 
was defined from three variables: the top and bottom radius (R and r) and the total height 
(H). In order to define the transition curve between the upper and bottom circumferences, 
the construction method proposed by other authors was allowed, where the circular lateral 
arcs have their centres at the same height as the top circumference centre (Hager, 2010). 
Thus, the r/R and H/R ratios allow the design of a wide variety of theoretical ovoids with 
different aspect ratios, which potentially could be used in the field of sanitation and urban 
drainage engineering. 
A set of egg-shaped cross-sections with ratios r/R between 0.3 and 0.9 and H/R between 2.1 
and 3.6 were compared with a 300 mm inner diameter circular section (Figure 2.1b). All the 
proposed theoretical ovoids have the same area as the circular pipe. The performance of the 
pipes was analysed by means of the hydraulic radius in low-depth condition and the full 
filling discharge capacity determined with the Manning’s Equation for uniform flow: 
𝑈 = 𝑅
⁄
√𝑆 𝑛⁄                      (2-1) 
where Uav is the average velocity (m/s), Rh is the hydraulic radius (m), S is the slope of the 
pipe (m/m) and n is the Manning’s roughness coefficient (s/m1/3). According to this equation, 
a higher hydraulic radius means a higher mean velocity, hydraulic performance, and more 
sediment transport capacity. The circular geometry shows the highest full-bore discharge 
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capacity as it presents the largest hydraulic radius regarding any cross-section with the same 
area. Nevertheless, in low flow conditions the egg-shaped conduit has a lower hydraulic 
radius. Therefore, the best aspect ratio for the egg-shaped cross-section should fit a higher 
hydraulic radius under low flow conditions but without losing significant full-filling discharge 
capacity regarding the circular discharge value. 
 
Figure 2.1. Egg-shaped cross-section definition from variables H, R, and r with a tangent connecting 
top and bottom arcs (a) and H/R and r/R relationships (b). The best egg-shaped cross-sections are 
highlighted with triangles. 
The hydraulic conditions to perform the analysis of the different pipe shapes were a slope S 
= 0.2% and a Manning’s coefficient n = 0.012 s/m1/3, resulting in a full-filling discharge 
capacity of 47 L/s for the 300 mm circular pipe. Dry weather flow conditions were calculated 
using three different rates of daily average wastewater flow to wet weather flow (1:10, 1:20, 
and 1:50). Assuming a certain safety margin, the full-bore discharge capacity was set to a 
value of Q0 = 40 L/s. The resulting base-flow discharges were 4.0, 2.0, and 0.8 L/s, 
respectively. From the whole set of the different egg-shaped pipes analyzed, the cross-
sections with the highest hydraulic radius for each low flow condition and maximal full-filling 
discharge are those with H/R = 3.5 and r/R = 0.7, 0.5, and 0.3, respectively (Table 2.1). The 
differences found in the hydraulic performance do not justify the commercial development 
of three egg-shaped pipe sets, so the cross-section with ratios H/R = 3.5 and r/R = 0.5 was 
chosen because it presents adequate yields in all conditions. It was found that a typical value 
of H/R in egg-shaped pipe design is 3.0 (Hager, 2010), but the cross-section with ratio H/R = 
3.5 has a similar hydraulic performance and improves its momentum of inertia by 15.3%. 
Therefore, the egg-shaped section with equivalent target area has a total height of 385 mm, 







Table 2.1. Comparison of hydraulic radius (Rh) for low flows (1:10, 1:20, and 1:50 wastewater and 
rainfall rates) and full-bore section discharges (Q0) conditions in egg-shaped cross-sections with best 
hydraulic performance. Hydraulic radius and discharges were normalized with circular cross-section 
values. 
H/R r/R Rh 1:10 Rh 1:20 Rh 1:50 Rh Q0 Q0 
3.5 0.3 1.038 1.103 1.193 0.905 0.934 
3.5 0.5 1.064 1.125 1.187 0.897 0.930 
3.5 0.7 1.078 1.114 1.132 0.925 0.949 
2.2 Experimental set-up 
A series of experiments were carried out in a physical model of an egg-shaped pipe located 
in the R&D Centre for Technological Innovation in Construction and Civil Engineering 
(CITEEC) of the University of A Coruña (Figure 2.2). This model consisted of an 11 m long 
stainless steel egg-shaped pipe with R = 110 mm, H = 385 mm, and r = 55 mm. At the 
beginning of the pipe an inlet chamber was placed, while a horizontal tail gate was provided 
to allow the adjustment of water levels and flow uniformity downstream of the pipe. Water 
level was measured using five ultrasonic sensors distributed along several apertures opened 
in the pipe. The resolution of sensors was 0.13 mm and the deviation of ultrasonic beam was 
4.6°. Discharge was measured using an ultrasonic flowmeter with an accuracy of ±1% of 
measured values and registered with a data logger during each test. 
 
Figure 2.2. Schematic drawing of the physical model. 
Four experiments were conducted at a 0.2% slope with different filling ratios (h/H) of 0.2 to 
0.5. Uniform flow conditions were established by adjusting the position and height of a 
downstream tailgate. Centreline velocity profiles were measured with a Nortek Vectrino© 
(Rud, Norway) Acoustic Doppler Velocimeter (ADV) with an accuracy of ±1 mm/s at a 
distance of 5.5 m from the inlet chamber. Water velocity was measured with a spatial 
resolution of 5 and 2.5 mm for measures close to the pipe bottom and with a sampling 
frequency of 25 Hz during 300 s to ensure that the measured streamwise turbulence 
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intensity was within 5% of its measured long-term average. All velocity data were de-spiked 
using the phase-space thresholding method (Goring and Nikora, 2002; Cea et al., 2007). 
2.3 CFD model 
Numerical simulations were performed with ANSYS CFX software (Canonsburg, PA, USA). 
This code solves the 3D Reynolds-Averaged Navier-Stokes (RANS) equations (ANSYS, 2012). 
A two-phase flow model was selected to simulate the interaction of the air friction with the 
water surface in partially filled pipes (Thormann-Franke formulation). In order to calculate 
the interface between both fluids, ANSYS CFX uses the volume of fluid (VOF) model. In the 
VOF model, multi-phase fluids share governing equations of mass and momentum 
conservation. The VOF model tracks the interface position between phases at control volumes 
within the domain. For this, volume fractions are assigned to each control volume (De 
Schepper et al., 2008). 
An unstructured (block-structured) non-uniform mesh was selected to discretize pipe 
geometry. To avoid convergence problems at the interface between fluids (air-water), the 
height of the mesh elements was reduced progressively from 3 mm in the main fluid body 
to 1 mm close to the pipe wall and to the interface (Lun et al., 1996; Vallée et al., 2008). As 
the position of the interface varied in each case because of the water level, a new grid system 
was necessary for each simulation. The average mesh size in the whole pipe was ~3·106 
hexahedral elements. 
Boundary conditions were set from experimental flow conditions. At the inlet of the channel, 
discharge and water level were established to constant values depending on the position of 
each phase. At the outlet, the water level was also fixed. The initial condition imposed to the 
model was the average velocity obtained from the experiments. Additionally, a steady state 
simulation in combination with the Shear Stress Transport turbulence model was selected for 
all cases. Wall function was set by the wall roughness that was established with Manning’s 
coefficient (n = 0.012 s/m1/3) for the real egg-shaped pipe. However, the roughness in the 
numerical model is defined as an equivalent roughness (ks) which can be estimated as a 
function of n by means of the Strickler’s equation (n = ks1/6/25). Applying this equation, the 






3.1 Boundary shear stress and centreline velocity profiles 
The shear stress over the wetted perimeter and the centreline velocity profile were used in 
order to compare CFD model outputs and the flume tests measurements. Discharges ranging 
from 3.20 to 19.03 L/s were used, resulting in different uniform conditions of water depth 
and Reynolds number variations. From the experimental data, total shear stress can be 
expressed as a function of the average friction velocity U*av with the equation τ = ρU*av2, 
where ρ is the fluid density (kg/m3). The average friction velocity was calculated as U*av = 
(gRhS)1/2, with S the slope of the pipe (%), Rh the hydraulic radius (m), and g the gravity 
acceleration (m/s2). The differences between experimental and output modelling shear 
stress were less than 10% (Table 2.2). 
Table 2.2. Experimental parameters: discharge Q (L/s), averaged velocity Uav (m/s), filling ratio h/H 
(dimensionless), hydraulic radius Rh (m), Reynolds number Re, average friction velocity U*av (m/s). 
Total shear stress results from the experimental methodology τ and output modelling shear stress 
τCFD (N/m2) (relative errors are in parenthesis). 
Test 
Experimental Conditions CFD Model 
Q (L/s) Uav (m/s) h/H (-) Rh (m) Re (×103) 




1 3.20 0.410 0.2 0.034 5.7 0.684 0.664 (−2.9%) 
2 7.04 0.528 0.3 0.045 9.5 0.883 0.964 (9.2%) 
3 13.08 0.582 0.4 0.057 13.3 1.121 1.159 (3.4%) 
4 19.03 0.658 0.5 0.064 16.8 1.254 1.374 (9.6%) 
 
The CFD model centreline profiles were compared with the ADV measurements at the  
middle-section of the pipe (Figure 2.3a). The agreement between experimental and 
numerical velocity series was estimated with the root mean square (RMS). RMS < 0.076 was 
found to be an acceptable fit for all the cases. In addition, vertical velocity profiles can be 
used to obtain centreline shear stress as an estimation of the friction in the pipe bottom. In 
open-channel flows, this value is related with the logarithm region of the vertical velocity 
profile (0.05–0.2 h/H) following a log-law approach (Nezu and Nakagawa, 1993): 
( )
∗
= ln + 𝐴                     (2-2) 
where U(z) is the centreline velocity at the height z, U*c is the centreline friction velocity, κ 
is the von Kármán constant, ks is the equivalent roughness (0.729 mm), and Ar is a constant 
of integration from Prandtl’s mixing-length formulation. In open-channel flows a value of κ 
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= 0.41 is accepted (Nezu and Nakagawa, 1993). Both centreline friction velocity and constant 
of integration were fitted from Equation (2) using a numerical routine, resulting in a value 
of Ar = 7.9. Figure 2.3b shows the visual performance of the logarithmic formula and the 
friction velocity U*c results. Note that the figure axes are normalized with the total height of 
the pipe and the value of U*c for each experiment respectively. 
 
Figure 2.3. Experimental and numerical comparison of velocity profiles for a filling ratio of h/H = 0.2 
and 0.3 (a) and results of fitting Equation (2) to all test using U*c for normalizing (b). 
3.2 Cross-sectional velocity distributions 
In this section CFD model outputs were compared with the formulation of Guo et al. (2014) 
for the cross-sectional velocity distribution. Guo et al. (2014) proposed a simple velocity 
distribution model for conic open-channels without fitting any parameter. Their 
experiments were motivated by a design for fish stream-crossing, but they suggested that 
this model was also valid for self-cleaning drainage systems. The analytical model was tested 
in a circular metal pipe but no laboratory data of non-circular conic sections were available 
to validate this formulation. Following the approach by Guo et al. (2014), the cross-sectional 
velocity distribution (U(y,z)) in an egg-shaped or a generic conic geometry can be calculated 
as a function of the averaged shear velocity U*av and the centreline shear velocity U*c (Figure 
2.3b): 
𝑈(𝑥, 𝑦) = ∗ ln − − φ(𝑦, 𝑦 )𝑈∗                  (2-3) 
where y and z are the cross-sectional coordinates. In the first term of the Equation (3), λ = 
U*c/U*av is the ratio of the centreline to the average shear velocity (1.02 ± 0.02 range) and z0 





profile at the logarithmic zone, as in Equation (2). Comparing both equations, the value of z0 
can be expressed through the relation Ar = ln(ks/z0)/κ, resulting in a value of z0 = 0.0285 mm. 
Furthermore, Guo et al. (2014) introduced a cubic deduction to the logarithmic equation 
near the water surface, which depends on the velocity-dip position from the bottom (δ). The 
velocity-dip position varies depending on the discharge and the secondary currents. This 
variable was set equal to the surface water level, as no dip-phenomenon was observed 
either in the numerical or experimental velocity profiles (see Figure 2.3a). The last term 
represents the reduction of the velocity distribution because of the cross-section contour, 
where ϕ(y,yb) is the velocity-defect function defined below (yb represents the pipe’s half-
width coordinate): 
φ(𝑦, 𝑦 ) = − ln 1 − + 1 − 1 −                 (2-4) 
All test conditions were reproduced with Guo et al.’s velocity distribution model and they 
were compared with numerical results, resulting in relative errors under 8% (Figure 2.4). In 
order to evaluate the velocity distributions accuracy, the discharges integrated from the 
approach by Guo et al. (2014) were compared with CFD model input values, which were set 
from experimental measurements. The differences between both discharges were less than 
5% (Table 2.3). 
Table 2.3. Comparison of CFD/experimental discharges with the values obtained from Guo et al.’s 
formula. Relative errors are in parenthesis. 
Q (L/s) h/H = 0.2 h/H = 0.3 h/H = 0.4 h/H = 0.5 
CFD/Experimental 3.20 7.04 13.08 19.03 
Guo et al. (2014) 3.06 (−4.4%) 6.72 (−4.5%) 13.51 (3.3%) 19.02 (−0.1%) 
 
 
Figure 2.4. Cont. 
 






Figure 2.4. Comparison of velocity contours and relative errors for h/H = 0.2 (a); 0.3 (b); 0.4 (c); 0.5 






3.3 Numerical comparison of circular and egg-shaped mean flow behaviour 
Lastly, the egg-shaped cross-section conduit behaviour was compared against a circular 
section with an equivalent area in order to evaluate its efficiency in partially filled pipe flow. 
A CFD model was performed for a circular pipe with an inner diameter of 300 mm, which 
corresponds roughly to a standard 315 mm Polyvinyl Chloride (PVC) sewer pipe. A series of 
simulations were conducted in both an egg-shaped and circular cross-section model. For 
each simulation the same hydraulic conditions were used (S = 0.2%, n = 0.012 s/m1/3). The 
tested flow discharges were 1.5, 2.5, 5.0, 7.5, 10.0, 20.0, and 40.0 L/s, using more resolution 
for low-depths ratios. In order to reach uniform flow conditions at the analysed central 
section, the upstream and downstream water depths were established with Manning’s 
Equation. 
Flow mean velocity and averaged shear stress results are compared in Figure 2.5 for circular 
and egg-shaped pipes. Note that the axes are normalized with the height of each conduit 
and their full-depth mean velocity (U0) and shear stress (τ0) were calculated with Manning’s 
Equation and averaged shear stress formula (τ = (gRhS)1/2), respectively. Egg-shaped cross-
section pipe presented higher mean velocity and shear stress values up to a filling ratio of 
h/H = 0.25, which is over the design cross-section depth for combined sewer pipelines in 
operating condition (dry weather flow regime). For common operating filling ratios of 0.10 and 
0.15, the improvement of the shear stress was 15% and 9%, respectively. Thus, for relative 
depths h/H < 0.25 a greater sediment transport capacity is expected in the egg-shaped cross-
section than in the equivalent-area circular pipes because of the higher velocity and shear 
stress values. This should reduce the risk of sediment accumulation at the pipe bottom and 
decrease the risk of pollution associated with sediment deposits (Ashley et al., 2004). The 
circular cross-section had a better performance above a filling ratio of h/H = 0.25, which is 
outside of the range of normal operating conditions of a combined sewer network. For full-
filling conditions, the performance of the egg-shaped pipe in terms of averaged shear stress 
was only a 5.3% lower than the equivalent circular profile. 
 




Figure 2.5. Averaged velocity (a) and shear stress (b) comparison of numerical results for circular 
(circles) and egg-shaped (triangles) cross-sections with Manning (continuous line) and Thormann-
Franke (dashed line) formulas. Axes are normalized with the height of each conduit (H) and their full-
depth mean velocity (U0) and averaged shear stress (τ0), respectively. 
Numerical results were also compared with the analytical open-channel flow Manning and 
Thormann-Franke formulas in Figure 2.5. The Thormann-Franke correction coefficients for 
egg-shaped sections were obtained in Fresenius et al. (1991). It can be observed that there 
is a good fit between the numerical and analytical mean velocities and averaged shear stress. 
Thus, the CFD 3D-RANS model reproduces the Thormann-Franke flow reduction due to air 
friction in the pipes. 
4 Conclusions 
Within the framework of an R&D project a new egg-shaped cross-sectional pipe for small 
combined sewer systems was defined and analysed. The geometric definition resulted from 
an analysis of dry-weather flow conditions in sewers. As the main source of pollution in low-
flow conditions is the sedimentation at the bottom of pipes, egg-shaped pipes will improve 
the transport of solids because this section presents a lower hydraulic radius than standard 
circular pipes during dry weather flow conditions. 
To study the hydraulic characteristics of the egg-shaped pipe, a CFD model was developed 
so that the egg-shaped profile could be compared with an equivalent-area circular section. 
The CFD model was validated with a set of experiments in an egg-shaped cross-section metal 





experimental results, obtaining a good agreement. Furthermore, the numerical velocity 
distributions were compared with an experimental formulation for analytic geometries 
resulting in a satisfactory concordance. 
Once the hydraulic characteristics of the egg-shaped cross-section were analysed, a circular pipe 
with an equivalent area was modelled. Several discharge conditions were simulated mainly for 
low-depth ratios. At the same time, numerical results were compared with analytical Manning 
and Thormann-Franke open-channel flow formulas. It was proved that egg-shaped cross-section 
pipes present better hydraulic characteristics for dry-weather flows up to h/H = 0.25 filling ratio 
in terms of mean velocities and averaged shear stress values. The results of this study suggest 
that egg-shaped cross-section pipes may be competitive with conventional circular pipes for the 
design of combined sewer systems. 
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A series of experiments were carried out with real wastewater in a pilot flume located at A 
Coruña WWTP (Spain). A full-scale model was developed to test a circular (300 mm inner 
diameter) and an equivalent area egg-shaped plastic pipe under controlled experimental 
conditions (pipe slope 2-5‰, averaged discharge Q=4 L/s). Velocity profiles and sediment 
accumulation in the pipe invert was daily measured. Within the 7-11 days, the average 
sediment accumulation rate found in the circular pipe was between 1.4 and 3.8 mm/day. 
The sediment height depended on the input wastewater sediment distribution and organic 
content. The egg-shaped pipe presented no sediment deposit for the same downstream 
boundary conditions, although biofilms were attached to the walls of both pipes. Besides, 
wastewater quality was monitored continuously and sediment composition was studied at 
the end of experiments. Two types of sediment were recorded: a granular bed deposit 
(ρ=1460 kg/m3, d50=202 μm) and wall biofilms (ρ=1190 kg/m3, d50=76 μm).
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One of the major problems of combined sewer systems is the accumulation of sediments. 
Bed deposits inside conduits are produced especially during dry weather flow conditions 
caused by insufficient velocities or after heavy rain episodes. A consequence of 
accumulation in sewers is the loss of capacity to transport solids in conduits, because the 
height of bed deposits causes a decrease of the effective flow area and increases the 
hydraulic resistance. The organic content of sediment deposits also can produce gases 
(methane and hydrogen sulphide) and odours that are unhealthy for breathing (Ashley et al. 
2004). Furthermore, the erosion and transport of sewer sediments caused by overflows 
during rainfalls is an important source of pollution leading an impact in the environment, as 
a combined sewer overflows (CSOs) or a surcharge at wastewater treatment plants (Suárez 
and Puertas 2005). In order to prevent all previous problems, it becomes necessary to clean 
sewer systems regularly, producing important costs of maintenance (Lange and Wichern 
2013).  
To approach the knowledge of sediment accumulation and transport processes in sewers, 
main investigations were focused in measurements in real sewers or studies of sewer 
hydraulics in full-scale models. Uncertainties in flow rates and concentration of solids 
measurements are the main disadvantage of studying sediment transport in real sewers 
(Bertrand-Krajewski et al. 2003). To control this source of uncertainty, different laboratory 
experiments were performed on test flumes under controlled conditions. These full-scale 
models often replace wastewater and sediments with non-cohesive granular materials (Ota 
and Nalluri 2003). Surrogate sediments with cohesive properties were also used to study 
erosion and sediment transport but without presence of organic matter, biofilms or gross 
solids (Tait et al. 1998; Banasiak et al. 2005). However, both non-cohesive granular particles 
and artificial sediment mixtures show unrepresentative behaviour of real sewer deposits. It 
was found few investigations that combined real wastewater under controlled laboratory 
conditions with the aim of calculating sediment accumulation and transport rates in sewers 
(Rushford et al. 2003; Lange and Wichern 2013). 
The aim of this study was to study the daily evolution of bed deposits in combined sewer 
pipelines under controlled conditions with real urban wastewater. For this purpose, a series 
of tests were carried out in a flume test facility located at A Coruña WWTP (600,000 
inhabitants). As part of the experimental procedure, it was necessary to control sewer 
hydraulics and determine wastewater characteristics. At the same time, sediment heights 





2 Material and methods 
2.1 Flume test facility 
The flume test facility was equipped with two different pipe geometries. A conventional 
circular PVC pipe with an inner diameter of 300 mm was compared with an egg-shaped cross 
section pipe. Both pipelines were made of plastic with a length of 8 m. The egg-shaped 
geometry was developed from a concatenation of arcs. For that, the top and bottom radius 
(R and r, respectively) and the total height (H) were defined. Both cross-section pipes should 
keep an equivalent area so that results could be comparable. Therefore, egg-shaped cross 
section presented a total height of H=385 mm, a top radius of R=110 mm (220 mm width) 
and a bottom radius of r=55 mm (Regueiro-Picallo et al. 2016).  
Both pipelines were placed over a metallic bench, with variable slope ranging from 0 to 2%. 
Wastewater was pumped with a submergible sludge pump (ABS JS44 with a free passage of 
50x40 mm) from post-sieving system of the WWTP (3 mm aperture) towards a head tank 
placed before the entrance into the pipes in order to avoid turbulences and to spill excess 
flow. To control the inflow, a set of valves and an ultrasonic flowmeter were set up in the 
pump system pipeline. Wastewater was directed into the pipelines through two triangular 
weirs, so the discharge was the same in each pipe and it could be monitored by an ultrasonic 
water level sensor before the weirs. Besides, a total of five windows were opened at the top 
of both pipes to measure water depth also with ultrasonic sensors. In addition, two main 
apertures of 90 cm long were set in the middle of each pipe as control sections for measuring 
deposit heights and velocity profiles. At the end of the bench, a receiver tank was placed 
with a tailgate that could be automatically controlled to set downstream boundary 
conditions for both pipes (Figure 3.1). More detailed information about the developed flume 
can be consulted in Suárez et al. (2015). 
 
Figure 3.1. General view (a) and scheme (b) of the flume test facility. 
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A Nortek Vectrino© Acoustic Doppler Velocimeter (ADV) was used to record 3D flow 
velocities. Centreline velocity profiles were measured at a distance of 4 m from the inlet 
chamber of each pipe, using one of the main apertures of the control section. Velocity data 
were measured with a vertical resolution of 5 mm and 2.5 mm for positions close to the pipe 
invert and with a sampling frequency of 25 Hz during 120 s, to ensure that the turbulence 
intensity was within 5% of its measured long-term average. All velocity data were de-spiked 
using the phase-space thresholding method of Goring and Nikora (2002) as suggested by Cea 
et al. (2007).  
As part of the wastewater characterization, total suspended solids (TSS) and total dissolved 
solids (TDS) were monitored and correlated from the records of turbidity (SOLITAX) and 
conductivity (LANGE 3798-S) probes, respectively. Besides, wastewater chemical oxygen 
demand (COD) was correlated with an organic matter (UVAS) probe was installed (results 
not shown here). An automatic sampler placed at the head tank was utilized to collect a 
sample every six hours in order to fit the best linear calibration of these probes. Manual grab 
samples at the head tank and the receiver tank were taken to complete the sediment and 
wastewater characterization. 
2.2 Experimental procedure 
A series of tests were conducted in order to study the evolution and characteristics of bed 
solids and the efficiency of circular and egg-shaped pipes. For this purpose, a constant 
discharge was established during several days with different slope and water depth 
conditions. Two slope values were set at 2‰ and 5‰. In addition, two different downstream 
boundary conditions were analysed. On the one hand, tailgate was completely open so a 
free discharge was generated at the end of the pipes (critical depth). On the other hand, a 
water depth of 100 mm was established in the receiver tank with a fixed opening value of 
the tailgate. In two experiments (No. 4 and 7) with fixed downstream water depth condition, 
a small submergible pump was installed in the head tank to release particles. This forced 
recirculation introduces largest particles into the pipes, avoiding their long-term 











Table 3.1. Summary of test conditions: discharge (L/s), slope (m/m), downstream boundary 




















1 3.5 0.5 Critical depth 70 42 0.49 0.58 No 
2 3.0 0.5 WD=100 mm 81 78 0.34 0.21 No 
3 3.9 0.5 WD=100 mm 87 84 0.41 0.24 No 
4 3.9 0.5 WD=100 mm 86 84 0.41 0.24 Yes 
5 4.3 0.2 Critical depth 84 51 0.47 0.54 No 
6 4.6 0.2 WD=100 mm 100 95 0.39 0.24 No 
7 4.5 0.2 WD=100 mm 99 95 0.39 0.24 Yes 
 
For each test, sediment bed heights were daily measured. As part of the procedure, it was 
necessary emptying both pipes in a controlled way without affecting the sediment bed 
structure. Two different methods were set to record the deposit height. An imaging 
technique was utilized in order to measure several sediment profiles at the main apertures 
of both pipes and, at same time, the ultrasonic sensors recorded the sediment height along 
both pipes.  
The imaging technique consisted in a camera recording the height of the bed deposits, which 
were pointed by a laser sheet (Figure 3.2a). An image bilinear transformation was applied to 
transform camera pictures to real world coordinates (Raffel et al. 2007). The difference 
between the image with sediments and the pipe cross-section geometry allowed calculating 
the accumulated area of solids (Figure 3.2b). A total of six profiles, three per aperture 15 cm 
separated, were recorded in each pipe with a wheeled structure. This kind of automatic and 
non-intrusive technique improves the measurement accuracy of the sediment profile 
regarding manual methods (Bertrand-Krajewski et al. 2008). This imaging technique was 
previously tested over a flat surface with a trapezoid-shaped object as an artificial sediment 
bed in order to evaluate the uncertainties. In a similar laser scanning methodology within 
egg-shaped sewers (400/600 mm), Stanic et al. (2014) showed that the main sources of 
uncertainties are the accuracy of the cameras, the alignment of the lasers and the distance 
in the measuring setup. A complete set of misalignments of the trapezoid-shaped object and 
the world-camera calibration sheet were recorded to evaluate the uncertainties. With this 
methodology, an overall error of a 2% of the area of the trapezoid was estimated.  
Sediment height was also monitored with ultrasonic sensors in the five opened windows 
while images were taken. The resolution of sensors was 0.13 mm and the deviation of the 
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ultrasonic beam was 4.6º. Therefore, measurements were dismissed when sediment heights 
were less than 2 mm in circular and 8 mm in egg-shaped pipe. 
 
Figure 3.2. Raw image of laser pointing sediment profile (a) and calculation of sediment area with 
numerical subroutine (b). 
At the end of each test, two different types of solids were sampled from the pipes. A coarser 
mixture of granular and cohesive bed material was observed at the bottom while fine 
grained and organic slimes were stuck to the pipe walls. Particle size distribution of both 
types of sediments was obtained with a wet-sieved analysis following the ISO 2591-1:1988. 
In addition, it was calculated the amount of total solids (TS), the moisture content (W), the 
percentage of volatile (VS) and the density of each type of solid following APHA (1995) 
methods. In order to obtain the COD, it was followed McGregor et al. (1996) stirring method 
for preparing the sediment sample. 
3 Results and discussion 
3.1 Wastewater characterization 
For all experiments flowrates varied between 3 and 4.6 L/s in both pipes, remaining almost 
constant during each test. The concentrations of TSS presented a smooth daily pattern, with 
a mean value (± standard deviation) of 240±67 mg/L. Most of the suspended solids fractions 
were organic matter with an average VSS/TSS ratio of 87%. The variation of solids 
concentrations was caused by wastewater daily variability. The influence of rainy periods in 
TSS loads was almost negligible. Although more sediments are released into the WWTP after 
heavy rainfalls, sediment loads at the pilot flume were largely constant during rainy events 
due to the large capacity of A Coruña WWTP and the fact that the source of wastewater to 





main relevant sediment input variation was connected with the forced agitation of 
wastewater in the inlet chamber of the flume. As stated in the previous section, in tests No. 
4 and 7, a recirculation pump was operated to increase mixing and reduce the sedimentation 
of the particles in the head tank. Figure 3.3 shows the weekly variation of the TSS upstream 
of the pipes for all the experiments. A slight higher concentration of TSS was recorded in the 
experiments when the mixing pump is working, with an averaged value (± standard 
deviation) of 278±49 mg/L. When the recirculation pump was not operated, the determined 
TSS were 226±62 mg/L. 
 
Figure 3.3. Weekly variation of TSS input to the experimental facility. 
Figure 3.4a shows the particle size distribution and the volatile and fixed fractions of the 
sediments fed to the experiments with and without the recirculation pump in the head tank. 
The activation of the mixing pump changed the sediment composition and distribution. A 
more uniform distribution of the particles available for transport and sedimentation in the 
pipes was found if mixing was enhanced, meanwhile mean sediment size decreased from 
d50=616m to d50=270 m (Figure 3.4b). Because of this recirculation in tests No. 4 and 7, 
the resuspended solids presented a higher fixed fraction (roughly 80% in mass) with a mean 
size of 254 m. In the tests without head tank mixing, the organic fraction showed a higher 
contribution (70% in mass) with a mean diameter of 526m. These differences in the 
sediment availability, composition and distribution have affected to sedimentation 
processes in the pipes as will be shown following. 
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Figure 3.4. Fixed and volatile fraction (a) and particle size distribution (b) of input sediments in tests 
with and without recirculation in head tank. 
3.2 Accumulation of sediments in pipes 
No bed deposits were recorded under critical depth downstream conditions for slopes of 
2‰ and 5‰ (tests No. 1 and 5) in both pipes. Bed deposits were only measured in circular 
pipe in experiments with fixed downstream water depth conditions. For the analysed 
hydraulic conditions, no sediment accumulation was recorded in the egg-shaped cross 
section pipe. The appearance of bed deposits was similar for all experiments; a granular-
cohesive sediment mixture was formed because of the insufficient velocity of granular 
particles and the high presence of organic substances. Although fibrous materials may have 
allowed sands and organic solids to settle (Lange and Wichern 2013), a low content of fibres 
was observed due to the fact that sieving treatment removes a high amount from the 
wastewater used in the tests. 
An organic slime was attached to pipe walls during the development of the test in both 
circular and egg-shaped conduits (Figure 3.5, a and b). The growth of biofilms was observed 
from water surface to the bottom, getting an indistinguishable interface between the two 
types of sediments in some cases. Thickness of biofilm in both pipes walls has depended on 
test’s duration, though composition and structure of wall sediment were similar at the end 






Figure 3.5. Appearance of the sewer sediments after 1 week in the circular (a) and the egg-shaped 
(b) pipes and particle size distributions of bed deposits and wall slimes in circular pipe tests. 
Particle size ranges associated with the circular pipe bed deposits and wall slimes are 
presented in Figure 3.5c. Following Crabtree (1989) sewer sediment classification system, 
the bed deposits can be classified mainly as Type A sediment, composed of a mixture of fine-
medium sand. The organic content of the samples ranged from 7% to 12%, indicating the 
presence of some cohesive sediment. The mean particle size of bed deposits matched with 
highest inorganic sediment fraction in Figure 3.4b. Besides, small differences in the particle 
size (mean ± standard deviation) of bed deposits were found between experiments with the 
recirculation pump mixing in head tank (240±28m) and without mixing (177±32 m). The 
pipe-wall biofilm are considered as Crabtree’s Type D sediments. The biofilm is composed 
mainly of silt particles with some fine sand due to fat adhesion. The organic content of the 
samples is not very high, ranging from 11 to 18 %, and the mean size is about 76 m. 
Table 3.2 summarizes the characteristics of the bed deposits and sediment biofilms in the 
circular pipe experiments. Bottom deposits were composed by particles with higher density 
and particle size, while wall slimes show higher moisture content. The sediment bulk density, 
moisture and organic content of the in-pipe deposits are in the range of Type A and Type C 
sediments of Crabtree’s classification. The organic wall slime density and moisture are also 
in the range of the Crabtree’s values. Smaller mean values were found for the organic 
content of biofilms and for the COD of bed deposits and biofilms in comparison with the 
reported values at the literature. 
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Table 3.2. Characteristics of bed deposits and wall biofilms for all experiments and comparison of 
mean values with previous studies: wet density (kg/m3), moisture content (%), organic content 
[VS/TS] (%), COD (g/kg) and mean particle size (μm). 










Bed Deposits      
Mean ± std. dev. values 1460 ± 98 44 ± 7.3 13 ± 6.9 4 ± 3.0 202 ± 44 
Crabtree 1989 (Type A) 1720 27 7 23 63-2000 
Crebtree 1989 (Type C) 1170 63 50 76 < 200 
Ristenpart 1995 (*) 1510 30 9 55 – 
Chebbo et al. 2001 – – 17 430 < 400 
Biofilms      
Mean ± std. dev. Values 1190 ± 29 70 ± 4.3 13 ± 2.6 17 ± 10.2 76 ± 13 
Crabtree 1989 (Type D) 1210 74 61 193 63-2000 
Chebbo et al. 2001 – – 71 1400 – 
(*) Middle age values 
3.3 Evolution of bed deposits 
The height of bed deposits has been daily measured with the imaging technique at central 
apertures and with ultrasonic sensors along pipelines. Similar results were obtained 
between the central ultrasonic sensor (4 m from the pipe inlet) and the average height of 
the profiles recorded with the cameras for all experiments. As an example, Figure 3.6a shows 
the concordance of both measurements for several days in test No. 2. Small differences were 
identified mainly because of two sources of errors. On the one hand, some ultrasonic 
measurements were affected by the interference of the beam shape geometry due to the 
irregular surface of bed deposits. On the other hand, profiles recorded with cameras could 






Figure 3.6. Sediment heights over the pipe length recorded with images and acoustic sensors (a) and 
evolution of sediment profiles in two different cross sections of the circular pipe (b) for test No. 2. 
One of the main advantages of the imaging technique was the accuracy to record sediment 
profiles, so the bed deposit area was easily calculated (Figure 3.6b). The average 
accumulation rate was determined from the measured bed deposits and sediment heights 
at the middle section of the circular pipe (from 2.5 to 5.5 m). Figure 3.7 represents the 
amount of sediment deposits in the circular pipe in all the tests. The evolution of bed 
deposits was linear within the duration of each experiment (7-11 days). However, growth 
rates were affected by the recirculation of wastewater in head tank.  
A mean growth rate of 3.8 mm/day was measured for tests No. 4 and 7 with head tank 
mixing, while a rate of 1.4 mm/day for tests No. 2, 3 and 6. The measured growth rates are 
similar to those found by Lange and Wichern (2013) for similar experiments with real 
wastewater conducted in 300 mm acrylic pipe with 1‰ slope. These authors reported a 
mean value of the daily change of bed deposits of 2.85 mm, with sporadic daily variations 
related with dry weather – wet weather flow variability. The higher sediment accumulation 
rate reported in tests with recirculation in the head tank are attributable to different particle 
size and composition, as it was mentioned in previous sections, and with higher sediment 
discharge. The mean sediment discharge was 1.2 and 0.9 g/s for experiments with and 
without head tank mixing respectively. 
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Figure 3.7. Measured sediment height in the circular pipe (range from 2.5 to 5.5 m) during all tests 
(marked with different symbols). 
Sediment growth in the in-pipe bed is also connected with the sewer hydrodynamics. As an 
example, Figure 3.8 shows the vertical centreline mean velocity and Reynolds shear stress 
profile evolution over the sediment bed height (Ys) for both circular and egg-shaped cross 
section pipes in test No. 6. Due to the growth of bed deposits, a slight increase of the velocity 
profiles on the circular pipe was produced (Figure 3.8a). In the egg-shaped cross section, the 
measured velocity profiles were similar during all the duration of the experiment as no 
sediment was deposited in the pipe invert (Figure 3.8b).  
Although circular pipe flow was accelerated as bed deposit height increased, the centreline 
Reynolds shear stress remained quasi-constant during the experiments, presenting a 
constant value of 0.170 N/m2 near the bed in test No. 6 (Figure 3.8c). As the shear stress is 
not influenced by the sediment accumulation within the duration of the tests, a constant 
accumulation ratio can be expected. Higher mean velocity (0.39 vs 0.24 m/s) and centreline 







Figure 3.8. Evolution of centreline velocity profiles for circular (a) and egg-shaped pipe (b) and 
Reynolds shear stress (−𝝆𝒖′𝒘′) (c) in test No. 6. 
4 Conclusions 
A test flume facility was developed with the purpose of studying sewers hydraulics under 
controlled conditions with real wastewater from a WWTP. A circular plastic pipe with a 
diameter of 300 mm was compared with an equivalent area egg-shaped cross section. Bed 
deposits were only measured in the circular pipe for certain downstream conditions, while 
no-accumulation was recorded in the egg-shaped pipe. The deposited bottom solids showed 
higher density and particle size values, while wall biofilms introduced more moisture and 
organic content.  
Bed deposits were daily measured to calculate their evolution. Depending on the particle 
size and the input sediment discharge, sediment growth rate range between 1.4 and 3.8 
mm/day within the duration of the experiments (7-11 days). As the height of the deposit 
increased in circular pipe, slightly higher centreline velocity profiles were recorded but 
Reynolds shear stress remained nearly constant. Comparing the two different cross section 
pipes, egg-shaped pipe showed higher mean velocities and shear stress than circular conduit 
under the same fixed downstream water depth conditions. The experiments performed 
confirm that under low flow conditions egg-shaped cross section pipes present better self-
cleansing conditions. As the sediment re-suspension and erosion of bed deposits in sewers 
during wet weather conditions is one of the main source of pollution associated with CSO 
events, the egg-shaped pipes can also be considered an efficient way of CSO mass reduction 
to receiving media. 
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This research is focused in the monitoring of sediments in circular sewer pipes with different 
diameters at a flume facility fed with urban wastewater. For this purpose, sediment physical 
and chemical characteristics, and sediment mobility were recorded. The Structure from 
Motion (SFM) photogrammetric technique was used for the measurement of sediment bed 
evolution. In addition, sediment properties were determined in order to study the 
cohesiveness of the bed deposits. In particular, the chemical oxygen demand (COD) and the 
oxygen uptake rate (OUR) of the sediment samples were analysed after different 
accumulation periods on the pipe inverts, resulting in a relation between these parameters 
and the mobility processes of solids.

  




The accumulation of sediments in combined sewers is a significant problem in urban 
systems. The erosion and resuspension of these solids during rainfall events is one of the 
most important sources of pollution, which may lead in combined sewer overflows (CSOs) 
and flow discharges conducted to Wastewater Treatment Plants (WWTP) (Suárez and 
Puertas, 2005). In combined systems, a relevant fraction of the sediments are organic and 
cohesive solids and their release to the aquatic media is linked with dissolved oxygen 
depletion and other sediment-attached pollutants (Rushforth et al., 2003b).  
The characterization of sediments has been reported in multiple studies during the past 
decades. Some examples are the works of Crabtree (1989), Verbanck (1990), Chebbo and 
Bachoc (1992) or Ashley et al. (2004). The influence of the age of sewer sediments in solid 
properties and biological activity was firstly introduced by Ristenpart (1995). Furthermore, 
the analysis of oxygen consumption parameters was considered by Vollertsen and Hvitved-
Jacobsen (2000) to assess the sediment biological processes and, from that, to estimate the 
bed resistance. More recent works were focused in the bed strength variances depending 
on the consolidation time and the aeration conditions (Tait et al., 2003c; Banasiak et al., 
2005; Schellart et al., 2005; Seco et al., 2014). In those studies, it was concluded that the 
deposit strength is affected by the microbiological activity due to the organic matter and the 
oxygen content.  
Sediment characteristics are linked with the suspended or bed load transport rates in sewers 
(Ashley et al., 2004). Traditional sediment transport models are based on river sand 
equations while other parameters, such as cohesiveness, are not considered (Bertrand-
Krajewski, 2006). Laboratory and field work has been reported to validate sediment 
transport formulas in sewers but only physical properties of the sediments have been 
included in the proposed models (Skipworth et al., 1999; De Sutter et al., 2003). The 
presence of organic particles has been also studied in some laboratory campaigns, from 
which it was concluded that bed shear stress and, consequently, the sediment transport rate 
is affected by small organic fractions (Rushforth et al., 2003b; Banasiak and Verhoeven, 
2008). 
The management of sewer sediments is still an important issue in urban areas with 
significant associated costs of maintenance. In combined sewers, upstream secondary pipes 
(D<400 mm) are supposed to contribute in the solid production due to the particles 
sedimentation favored by the dry weather flow conditions (Rammal et al., 2017). To better 
understand the transport processes of cohesive sediments in sewers, the age of the 
sediments and the temporal evolution of their physicochemical properties have to be 





affect to the sediment erosion. For that, an experimental campaign was performed in two 
circular commercial pipes at a flume test facility fed with real wastewater. 
2 Material and methods 
2.1 Experimental flume and test procedure 
The experimental flume was built at the pretreatment facility of the WWTP of A Coruña 
(Spain). It presents a length of 10 m, a width of 0.8 m and a variable slope in the range of 0% 
to 2%. The purpose of this facility is to test different cross sections (mainly sewer pipes and 
open channels) with real wastewater under controlled laboratory conditions. For this 
research, two conventional circular PVC pipes with outer diameters of 315 and 400 mm and 
a length of 7.5 m were placed over the flume metallic bench (Figure 4.1). A pumping supply 
system introduces urban wastewater taken after the mechanic racks (3 mm aperture) placed 
upstream of the grit chamber of the WWTP to the inlet chamber of the flume. This chamber 
connects with each pipe through a triangular weir. An automatic tailgate is placed at the end 
of the flume to fix downstream boundary conditions. Besides, the flume is equipped with 
hydraulic and wastewater load sensors. More detailed information about the facility can be 
found in Regueiro-Picallo et al. (2017). 
 
Figure 4.1. Schematic drawing of the flume test facility. 
A long-term accumulation test was designed to study the evolution of the deposited mass 
and the sediment properties during 20 days. For this purpose, constant hydraulic conditions 
were established: flow rate of Q = 4.1 L/s, slope of S = 0.1% and downstream boundary 
conditions of 85 mm (22.5% and 28.4% filling ratio in 315 and 400 mm pipes respectively). 
Following previous studies at the same facility (Regueiro-Picallo et al., 2017), sediment 
deposits appeared with mean flow velocities of about 0.24 m/s in a circular 315 mm pipe. 
Furthermore, a constant accumulation rate was recorded up to 7-11 days. After this 
accumulation period, a quasi-constant sediment bed height was observed. In the present 
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study, the resulting velocities were 0.26 and 0.22 m/s for 315 and 400 mm pipes respectively 
in order to allow sediment bed accumulation. 
A series of three sediment accumulation-erosion tests were conducted to force sediment 
resuspension and erosion after 3, 7 and 20 days of accretion period in both pipes. The main 
objective of these tests was determining the effect of the sediments consolidation period 
on their erodibility. A similar analysis was performed by Tait et al. (2003c), Schellart et al. 
(2005) and Seco et al. (2014), who simulated different sediment dry-weather periods in 
order to measure the sediment resistance with an erosion meter. 
The first erosion test was performed the last day of the long-term accumulation experiment. 
Two more accumulation tests were completed trying to reproduce the same initial sediment 
height conditions, hence hydraulic conditions were modified during the deposition phase. 
As a result, lower velocities were set to increase the accumulation rate in both pipes in order 
to fix the same initial conditions. Before each test starting, bed deposits and sediment 
characteristics were recorded. Then, the erosion discharge was fixed during 30 min (similar 
to Rushforth et al., 2003b) while wastewater loads were monitored upstream and 
downstream of both pipes. Afterwards, flow rate was suddenly stopped and the final bed 
deposits were measured. 
2.2 Determination of sediment deposits 
Two main apertures of 70 cm were opened in the middle of each pipe for measuring 
sediment deposits and collecting sediment samples. Bed deposits were almost daily 
recorded in the same aperture in order to compare the evolution of the accumulated solids. 
For this purpose, the wastewater supply system was halted and both pipes were carefully 
drained avoiding the bed structure erosion using the automatic tailgate.  
The accumulated solids were measured using the Structure from Motion (SfM) 
photogrammetric technique. This non-intrusive method allows obtaining a 3D 
reconstruction model of the bottom of each pipe from a series of random images taken 
around the aperture with a convectional camera (Figure 4.2). Free licence software 
VisualSFM (Wu et al., 2011; Wu, 2013) and MeshLab were used to perform the point 
reconstruction and the surface mesh respectively. The main advantage of this low-cost 
methodology is that it allows measuring both cross-sectional and longitudinal profiles with 
a high spatial resolution (0.1 mm roughly). Therefore, the accumulated volume of sediments 
was obtained from the difference between the bed deposit surface mesh and the theoretical 
geometry of each pipe. In order to obtain accurate measurements with this methodology, 
an overlap of the images and a high contrast between vertexes are required. Besides, at least 





system. A similar SfM procedure was used by Detert et al. (2016) in order to perform the 
ortho-rectification of images and rendering of a river course. 
 
Figure 4.2. Example of a picture of the accumulated sediments in the pipe contour (a) and view of 
the 3D reconstructed model (b) of the 315 mm diameter pipe. 
2.3 Determination of sediment properties 
The sediment characteristics were recorded during the long-term accumulation and before 
starting each erosion test. For that purpose, the physicochemical properties were studied 
for each sample. Total solids (TS), volatile solids (VS) and the density were analysed following 
the standard methods (APHA et al., 1998), while particle size distribution was performed by 
ISO 13320:2009 (ISO, 2009). Furthermore, the chemical oxygen demand (COD) and the 
oxygen uptake rate (OUR) were selected to analyse sediment chemical parameters. The COD 
shows an absolute value of the sample pollution while the OUR indicates the relationship 
with the readily biodegradable organic matter of the sediment. 
Following McGregor et al. (1993), the COD values from sewer sediment samples were 
obtained with three different sampling preparation methodologies. These techniques 
consist on blending, stirring and mixing the sample with distilled water at different 
revolutions (Table 4.1). McGregor et al. (1993) suggest that different pollutant fractions are 
obtained from these three sample preparations. The total sediment COD load is obtained 
from blending procedure (COD Type I) while COD from Readily Erodible Fraction is 
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Table 4.1. Sample preparation methodologies for COD analysis based on McGregor et al. (1993) 
studies. 
COD code Method Apparatus Dilution factor Agitation time Revolutions 
COD type I Blending Blender 
1/3 during blending 
and distilled water 
addition up to 1/10 
5 minutes > 5,000 rpm 
COD type II Stirring Magnetic stirrer 1/10 2 hours 900 rpm 
COD type III Mixing Mechanical mixer 1/10 2 hours 55 rpm 
 
After the sample preparation, the dilution was centrifuged at 2000g for 30 min to separate 
the liquid-solid phases, similar to the standard of leaching of granular waste materials and 
sludges UNE-EN 12457-2:2002 (AENOR, 2002). In the case of sewer sediments, solid particles 
are more disaggregated than waste and sludges, so the agitation time to perform the sample 
preparation can be smaller. Finally, the COD determination was carried out from the 
supernatant following the standard procedure (APHA et al., 1998). 
OxiTop® respirometers (Weiheim, Germany) were used in order to measure the sediment 
OUR during the first days of the sample biodegradation. The OUR values were obtained from 
the oxygen consumption rate after 48 hours (Sadaka et al., 2006). As other studies 
suggested, this parameter is connected with the strength of the bed deposits (Vollertsen 
and Hvitved-Jacobsen, 2000; Seco, 2014). In this study, the objective of measuring the 
chemical properties from sediment samples was to approach the strength and cohesiveness 
of the bed deposits. 
3 Results and Discussion 
3.1 Long-term accumulation 
Constant hydraulic conditions were established and recorded during the 20-days 
accumulation test. However, wastewater loads presented daily patterns due to the WWTP 
operating conditions (Regueiro-Picallo et al., 2017). Therefore, wastewater was 
continuously monitored with different probes at the inlet chamber, which were calibrated 
with an automatic autosampler, resulting an average TSS and COD concentrations of 224 ± 
65 mg/L and 414 ± 80 mgO2/L respectively. As a result, the settling of particles was forced 
by the inlet sediment discharge together with the insufficient velocities in both 315 and 400 
mm pipes. A quasi-linear growth of the sediment mass was obtained after processing the 
images with the SfM technique for the first six days of the long-term deposition test (Figure 





mm pipes respectively (3.10 and 3.16 mm/day expressed in sediment heights). These values 
are similar to those obtained by Regueiro-Picallo et al. (2017) [1.4-3.8] mm/day and Lange 
and Wichern (2013) 2.85 mm/day in a 300 mm inner diameter pipe. 
Two types of sediments were easily identified in the contour of both pipes (Figure 4.3b). The 
growth of a dark granular and cohesive sediment was observed at the bottom while fine 
slimes were attached to the pipe-walls and developed from the maximum water level to the 
invert of the pipe. Following Crabtree (1989) classification, bed deposits are identified as 
Type A/C and wall biofilms as Type D sediments. 
 
Figure 4.3. Accumulated sediment mass during the first six days of the long-term accumulation test 
(a) and appearance of two types of sediments in 315 and 400 mm pipes (b). 
Three sediment samples were manually collected during the long-term accumulation test. 
The samples were taken after 3, 6 and 20 days from the beginning of the experiment. In 
order to obtain representative results, all of them were sampled in the same aperture but 
from a different location, so the sediment properties were kept undisturbed.  
The physicochemical average values for the 315 and 400 mm pipes are presented in Table 
4.2, since slight differences were found between both geometries. No temporal-trends were 
apparently found after analysing the set of samples, only the OUR values show a clear 
decrease in time that indicates the loss of the sediment biological activity. In comparison 
with sewer sediment values reported in the literature over past decades, similar 
physicochemical results were reported. Nevertheless, smaller values for volatile solids of 
biofilms were observed presumably due to small grained particles stuck to the biofilm close 
to the water surface level and, in addition, higher differences were obtained for COD values 
in both Type A/C and Type D sediments. The amount of wall biofilm samples was insufficient 
to analyse the COD type I. Furthermore, a good agreement was observed between the 
volatile solids and the COD Type I values for the Type A/C sediments due to the fact that 
both parameters quantify the presence of organic matter in the samples. 
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Table 4.2. Time-evolution of bed deposits (Type A/C) and wall biofilms (Type D) physicochemical 
properties for 3, 6 and 20 days in the long-term accumulation test and comparison with average 
values in previous studies. 
Parameter Type A/C  Type D 
 Day 3 Day 6 Day 20 References1),2),3)  Day 3 Day 6 Day 20 References1) 
Wet density 
(kg/m3) 
1461 1546 1477 1544  1183 1112 1186 1210 
Total Solids 
(%) 
52.9 59.4 56.6 58.7  30.9 24.6 28.2 25.8 
Volatile 
Solids (%) 
12.1 8.7 11.3 14.4  19.1 17.7 14.7 61 
Mean Grain 
Size (μm) 
125 146 138 63-2000  40 39 42 63-2000 
COD Type I 
(g/kg)* 
4.6 3.5 4.0 69.8  - - - 193 
COD Type II 
(g/kg)* 
1.5 1.1 2.7 -  17.9 32.2 14.8 - 
COD Type III 
(g/kg)* 
1.8 1.2 1.9 -  17.9 29.2 12.1 - 
OUR 
(g/kg/day)* 
13.3 9.8 5.9 6.5**  48.2 39.6 16.0 20.6** 
Average values: 1) Crabtree, 1989; 2) Ristenpart, 1995; 3) Ashley et al., 2004. 
*g/kg and g/kg/day dry solids 
**calculated from BOD5 values 
Different COD values were recorded depending on the sampling preparation technique. The 
COD type I method presents higher values than COD types II and III in all the Type A/C 
samples because of the sample preparation procedure. The high-speed blending procedure 
of COD type I method disaggregates sediments and releases attached pollutions, so total 
sediment COD load can be determined. The Readily Erodible Fraction determined by COD 
Type II and III estimates the pollution that could be released to the wastewater if the shear 
stress conditions were increased.  In order to obtain this COD fraction, lower stirring 
frequencies are defined in the sampling preparation processes.  
The obtained results agree with McGregor et al. (1993) and Ashley et al. (2004) studies 
showing that different COD polluting fractions are obtained according to the selected 
preparation method.  An average percentage of Readily Erodible Fraction of 42% from the 
Total Sediment Load was resulted from Type A/C sediments, while percentages of 25% and 
57% were reported for Type A and Type C sediments respectively by Ashley et al. (2004). 
Thus, between a quarter and a half of the pollutants attached to the sewer sediments are 
susceptible to be quickly released into the combined sewage during rain episodes or even 
during daily peaks in dry weather conditions. Additionally, a continuous pollutant exchange 
over the sediment surface should be considered due to sorption and diffusion processes 





3.2 Erosion tests 
Three erosion tests were performed under similar inlet conditions (Q = 11.6 ± 0.5 L/s and 
TSS = 323 ± 64 mg/L) but with different sediment accumulation periods of 3, 7 and 20 days. 
In order to calculate the eroded mass of sediments, the volume of eroded solids was 
determined using the SfM technique as the difference between initial and final bed deposits. 
The initial sediment height was set to 7.3 ± 3.9 mm and 14.3 ± 2.0 mm in 315 and 400 mm 
pipe respectively.  
Although the tests were performed with similar flow discharges and initial bed heights, the 
total amount of eroded mass decreases as the sediment consolidation time increases (Figure 
4.4a). The averaged physicochemical properties of the bed deposits determined at the 
beginning of the erosion tests in both pipes are plotted in Figure 4.4b. A reduction of COD, 
VS/TS and OUR values was also recorded for longer accumulation periods. These results 
suggest that the bed strength and erodibility are affected by the biological activity of the 
sediment, as stated previously by Tait et al. (2003c) and Seco et al. (2014). A higher 
cohesiveness of the bed deposits is expected in long-term deposition because of the 
decrease of the organic content concentration and the sample degradation. Therefore, 
‘fresh’ sediment conditions were more susceptible to be eroded. 
 
Figure 4.4. Variation of the erosion rate (a) and the physicochemical properties of initial bed deposits 
(b) for different consolidation period tests. 
Comparing the mass erosion rate in both geometries, the highest values were observed in 
the 400 mm pipe due mainly to the fact that the deposited mass was also higher. 
Nevertheless, the ratio between the eroded and accumulated mass was 85%, 18% and 11% 
for the 315 mm pipe and 50%, 23% and 9% for the 400 mm pipe after 3, 7 and 20 days of 
consolidation periods respectively. Therefore, these results suggest that the transport 
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capacity of the sewer pipes is influenced by its geometry and also the consolidation period 
of the sediments. 
Differences between initial and final sediment distributions in bed deposits were recorded 
during the erosion tests. Ripples and dune formations were developed after each 
experiment in 400 mm pipe (Figure 4.5a,b,c) while an unclear bed form distribution (similar 
to flat bed) was found in the 315 mm pipe, mainly due to the smaller initial sediment surface 
width (<100 mm). During the erosion tests, Froude number F was 0.51 and 0.44 in 315 and 
400 mm pipes respectively, where 𝐹 = 𝑈 (𝑔𝐴/𝐵) .⁄ , 𝑈  initial mean velocity (m/s), 𝑔 
gravity acceleration (m/s2), 𝐴 flow area (m2) and 𝐵 water surface width (m). Bed form heights 
of 2, 6 and 3 mm and wave lengths of 56, 83 and 72 mm were measured in 400 mm pipe for 
the erosion tests with sediment consolidation periods of 3, 7 and 20 days respectively.  
Bed formations are responsible of a fraction of the total bed shear stress. The shear stress 
partitioning is composed by the grain shear stress and the shear stress induced by bed forms 
(Banasiak and Tait, 2008). Thus, the SfM technique is presented as a procedure to be able to 
calculate bed form shear stress from the sediment surface information. This methodology 
improves other non-intrusive methods as punctual measures or cross-sectional profiles. In 
these techniques, the average eroded mass might be overestimated or underestimated 
depending on the selected locations (Figure 4.5d) while complex bed deposit distributions 






Figure 4.5. Initial and final bed deposit formations for different consolidation times of 3 (a), 7 (b) 
and 20 days (c) and two cross-sectional profiles during the sediment deposition test of 7 days (d) in 
400 mm pipe. 
4 Conclusions 
A series of accumulation and erosion tests were performed in two circular PVC pipes (315 
and 400 mm outer diameters) with different hydraulic conditions in a flume test facility fed 
with urban wastewater. In addition, accumulated bed deposits were measured and 
sediment samples were collected from the pipe inverts, distinguishing between granular 
cohesive bed deposits and slime wall biofilms. The photogrammetric SfM methodology was 
utilised to calculate the accumulated mass under the sediment surface while 
physicochemical parameters were analysed from manual samples. 
The evolution of sediment physicochemical characteristics was studied with three sampling 
campaigns after 3, 6 and 20 days from the beginning of the long-term accumulation test. No 
significant sediment properties differences were recorded between 315 mm and 400 mm 
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pipes. An evident daily pattern was only observed in the OUR values, decreasing from the 
“fresh” sediments after few days to less biodegradable samples at the end of the 
accumulation period. Furthermore, most of the parameters were found in the same range 
as in studies of the past decades. However, lower values were reported from the total 
sediment COD. Different COD analysis were performed following three sample protocols in 
order to obtain the total and the readily erodible pollutant fractions of sewer sediments. It 
was concluded that between 25% and 50% of the pollutants attached to the bed deposits 
could be released due to higher shear stress conditions. 
Erosion tests were performed with the same hydraulic and initial sediment height conditions 
in order to study the influence of three different sediment consolidation periods (3, 7 and 
20 days) in the bed erosion processes. A lower erosion rate was found as the sediment 
consolidation time was increased. The decrease of the eroded mass matched with lower 
values of the chemical (COD and OUR) and organic matter properties of the initial bed 
deposit samples while the rest of initial physical parameters were undisturbed. Therefore, a 
higher bed strength and cohesiveness might be expected as the accumulation period 
increases. The erosion rate was higher in the 400 mm pipe due to the higher amount of 
sediments deposited in each pipe at the beginning of the experiments. Despite of that, 
similar trends were obtained in both geometries. 
Ripples and dunes formations were observed after the increase of the flowrate in the 400 
mm pipe tests. These bed forms were obtained from longitudinal profiles with the SfM 
technique. The main advantage of this methodology is the information provided about the 
sediment surface, allowing an accurate determination of the bed deposit volumes and the 
bed shear stress partitioning in front of punctual and cross-sectional measurements. 
Acknowledgement 
This research was funded by the projects ‘SEDUNIT’ Ref. CGL2015-69094-R and ‘OVALPIPE 
II’ Ref. RTC-2016-4987-5 (MINECO/FEDER, EU). The authors would like to thank Ms Montse 
Recarey and the companies EDAR Bens SA, EMALCSA and ABN Pipe Systems S.L.U. for their 
assistance with the experimental work. The research work of Mr Juan Naves was financed 








New insights to study the accumulation and erosion 
processes of fine-grained organic sediments in 
combined sewer systems from a laboratory scale 
model 




Journal: Science of the Total Environment 









Author contributions:  
MR, JS, JP and JA developed the experimental methodology. MR, with help from ES, 
performed the experiments. MR analysed the results with the supervision of JS, JP and JA. 
JS, JP and JA conceptualized the study. MR structured the original draft. MR, with comments 
from JA, prepared the original draft. JA, JS and JS revised the manuscript critically for 
important intellectual content. All the authors reviewed the final manuscript. 

New insights to study the accumulation and erosion processes of fine-grained organic 




The deposition and resuspension of sediments are issues of considerable concern in 
combined sewer systems management. Sediments can produce the loss of hydraulic 
capacity and odour generation in sewers, and are also considered the main source of 
pollution due to their occasional uncontrolled discharges into the environment via 
Combined Sewer Overflows (CSO). Sewer sediments contain granular and cohesive organic 
fractions that can have a significant influence on bed resistance. In order to address the 
relationship between sewer sediment composition and its erodibility, accumulation and 
erosion experiments were performed in a flume test facility fed with wastewater. The flume 
was placed in a Wastewater Treatment Plant (WWTP), in which different circular pipe 
geometries were set. Wastewater flow inlet conditions and bed structures were monitored 
during the experiments. The photogrammetric technique Structure from Motion (SfM) was 
applied to record the bed deposit structures, providing accurate measurements of the 
accumulation rates. The SfM was also used to assess sediment transport and the 
characteristics of the bed forms after the erosion tests. In addition, velocity distributions and 
shear stress profiles were measured during the erosion tests to characterize flow resistance 
and sediment erosion. During both accumulation and erosion tests, sediments were 
sampled in order to analyse their physicochemical properties, thus highlighting the study of 
the biodegradability of the organic matter. Different deposition periods showed biological 
transformations in the bed deposit structure, which were seen to affect its cohesion, and in 
consequence, its erosion threshold. Tests with significant erosion rates agreed in broad 
terms with dimensionless sediment transport models derived from previous experimental 
studies performed with partly cohesive and organic materials in sewer pipes.
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The combination of sediment deposition, erosion and transport in sewers is an issue of 
concern in combined sewer systems, and is associated with critical environmental impacts. 
During dry weather flow conditions, insufficient velocities in sewer conduits produce a 
sediment layer that reduces their hydraulic capacity. Moreover, the presence of sediment 
deposits in sewers generates gas and odours, which may have an impact on public health 
(Ashley et al., 2004). After long dry weather periods, bed deposits can be eroded by 
stormwater discharges, resulting in the entrainment of pollutants into the wastewater. The 
largest discharges may lead to surcharges in the sewer systems and, consequently, to severe 
impacts on the receiving water bodies (Suárez and Puertas, 2005). Bearing in mind these 
circumstances, the outlook for the near future is getting worse. Climate change will result in 
longer dry weather periods with extreme rainfall (Miller and Hutchins, 2017). Without 
adequate sediment management policies, the impacts of climate change will lead to an 
increase of depositions in sewers and potentially to the greater presence of pollutants in 
receiving waters. Therefore, understanding the deposition, erosion and transport processes 
of in-sewer sediments will help towards reducing pollution episodes with environmental 
impacts. 
The literature which seeks to describe sediment transport in sewers is extensive. Most 
studies were performed in field campaigns, and in general were based on the classification 
of the deposited sediments and the origin of pollutant loads in combined sewers (Crabtree, 
1989; Verbanck, 1990; Chebbo and Bachoc, 1992). Such studies showed that the presence 
of organic content in sewer sediments exhibited properties that were different from 
granular materials. In addition, the erosion of these organic in-sewer sediments during dry 
weather conditions was shown to be the main source of pollution in Combined Sewer 
Overflow episodes (CSOs) (Ashley and Crabtree, 1992; Ahyerre et al., 2001; Gromaire et al., 
2001). Thus, high pollution loads are originated by the re-suspension of the highly 
biodegradable organic matter content of gross sediments beds (Sakrabani et al. 2009), which 
may result in depletion of dissolved oxygen in receiving waters. Furthermore, sewer 
sediments deposits are considered as a stock of other pollutants such as heavy metals 
(Rocher et al., 2004; Houhou et al., 2009), different forms of organic pollution such as PAHs 
(Rocher et al., 2004), PCBs, flame retardants or pesticides (Schertzinger et al., 2019) and 
even PPCPs and illicit drugs (Del Río et al., 2013; Munro et al., 2019) that can be found in 
receiving waters. 
Along with field campaigns, laboratory studies have also been reported. Experiments were 
performed under controlled conditions to address the issue of sediment transport models 





(Bertrand-Krajewski, 2006). The earliest attempts were carried out in pipe channels with 
non-cohesive materials (Perrusquía, 1992; May, 1993; Nalluri et al., 1994; Ackers, 1996). 
However, significant differences were shown between non-cohesive model approaches 
derived from experiments with uniform sands, and measurements performed in sewers 
(Arthur et al., 1996; De Sutter et al., 2003). As an approximation to sewer sediment 
characteristics, cohesive mixtures were also used to study erosion processes in laboratory 
scale models (Torfs, 1994; De Sutter, 2000; Banasiak and Verhoeven, 2008; Campisano et 
al., 2008). Even surrogate materials, such as crushed olive stones, were used as a means of 
trying to reproduce the cohesion of sewer sediment (Tait et al., 1998; Skipworth et al., 1999). 
Nevertheless, most laboratory experiments ignored the influence of organic content during 
the deposition phase and its interaction with the wastewater flow.  
Some research introduced the biodegradation of sewer sediments, this produced by organic 
processes, as a key parameter in explaining sediment erosion in combined sewers 
(Vollertsen and Hvitved-Jacobsen, 2000). For that purpose, reduced laboratory-scale erosion 
meters were developed, in which the relationship between the eroded mass and the shear 
stress conditions were analysed in terms of the consolidation time of the sample and the 
oxygen supply conditions (Sakrabani et al., 2005; Schellart et al., 2005; Seco et al., 2014; 
Meng et al., 2019). The transformations derived from the biological activity in sewer 
sediment samples produced differences in bed resistance. A recent example is the work 
performed by Meng et al. (2019) which analyse the effect of extracellular polymeric 
substances (EPS) and microbial community on the anti-scouribility properties of sewer 
sediments. These authors found some positive correlations between the EPS, proteins, 
carbohydrates and microbial community content for the improvement of sediment strength 
to flow erosion. A smaller number of studies looked at the relationship between sediment 
cohesiveness, consolidation and bed resistance in gravity pipe flows with sewer sediments 
(c.f. Tait et al. 2003b and Banasiak et al. 2005), but the influence of the wastewater flow in 
the sediment deposition processes here was almost wholly ignored. 
Experimental facilities that operated with wastewater aims to avoid some of the previous 
works limitations. Various examples of test facilities were identified, in which gravity pipes 
were supplied with wastewater from a local sewage or a Wastewater Treatment Plant 
(WWTP) (Rushforth et al., 2003a; Lange and Wichern, 2013). Other flume configurations 
included annular flumes with rectangular sections. These were also used to study the critical 
shear stress in cohesive sediments and the variability produced by the wastewater supply 
conditions (Maa et al., 2008; Khastar-Boroujeni et al., 2017). Such configurations produced 
disturbances in the water depth due to the intrusive flowrate generation system. Also, the 
shear stress produced in annular flumes differed from that in circular pipes. 
The relationship between sediment cohesion and its effect in bed strength is still unclear for 
sewer sediments (Banasiak et al. 2005, Meng et al. 2019). Also, the presence of organic 
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matter in sewer sediments produces continuous transformations in bed deposits that 
modifies their resistance. Therefore, the current study aims to address the relationship 
between sediment biodegradability and its cohesion, considering accumulation and erosion 
conditions. For this purpose, new approaches were developed to obtain accurate 
measurements of bed structures and the physicochemical properties of sediments.  
A compilation of various deposition and sediment transport experiments will be described 
in this study. To this end, a flume test facility at the WWTP of A Coruña (Spain) was used. 
The first studies performed in this facility were presented in Regueiro-Picallo et al. (2017). 
These focused on monitoring sediment deposition in sewer pipes and how this accumulation 
affected velocity and shear stress distributions. Subsequently, the experimental campaign 
reported in Regueiro-Picallo et al. (2018) introduced sediment transport tests after the 
deposition phase. These tests focused on sediment ‘aging’ and biodegradability in small pipe 
diameters, and their influence on bed resistance when shear stress conditions were 
increased. The current work introduces additional deposition and transport tests with 
different time scales, in order to study in depth the influence of variations in sediment 
properties on the bed-load transport. Furthermore, bed forms were identified in the 
sediment transport tests, and their dimensions were related to bed resistance. Finally, 
results from transport tests were compared with bed-load transport models to predict the 
mobilised mass of sewer sediments. 
2 Material and methods 
The test campaign was performed in a flume test facility fed with wastewater. This facility 
offers different supplying systems to control the wastewater inlet conditions. Another 
advantage is the possibility of setting different pipes in order to obtain representative results 
from the typical diameters used in secondary sewer systems. Innovative methodologies are 
also employed to obtain the volume of bed deposits and to analyse the physicochemical 
properties of the sediment samples. Finally, the experimental procedure for studying the 
accumulation, erosion and transport processes is described. 
2.1 Description of the flume test facility 
2.1.1 Flume overview 
The flume test facility was built with the aim of studying sediment transport in sewer pipes. 
The flume presents a metallic bench with a length of 10 m and a width of 0.8 m. The studied 
sewer pipes were placed over the bench and have a length ranged from 7.5 to 8.0 m. The 





The principal advantage of this flume is that real wastewater can be supplied from the 
pretreatment system of the WWTP to the inlet tank of the facility. Wastewater flow is then 
split through two v-notch weirs and falls into a discharge chamber before going through 
each pipe. After flowing along the pipes, wastewater is discharged in a downstream chamber 
where an automatic tailgate is placed to set downstream boundary conditions. 
The facility was equipped for monitoring wastewater loads and hydraulic variables with 
several probes, and for analyzing sediment composition (Figure 5.1). Wastewater loads were 
monitored in the inlet and downstream tanks of the flume with online probes that measured 
turbidity (SOLITAX, Hach, USA) and light absorbance (UVAS, Hach, USA). These continuous 
recordings were compared with the wastewater Total Suspended Solids (TSS) and Chemical 
Oxygen Demand (COD) concentrations, respectively. These parameters were analyzed from 
samples taken with an autosampler (SIGMA900, Hach, USA), the nozzle of which was placed 
near the online probes. 
 
Figure 5.1. Scheme of the flume test facility. 
The inlet discharge was calibrated comparing the water level in the inlet tank with an 
ultrasonic flowmeter (TDS-100H, PCE Instruments, Germany) placed in the pumping 
supplying system. Furthermore, ultrasonic water depth sensors (UB500-18GM75-I-V15, 
Pepperl+Fuchs, Germany) with a resolution of 0.13 mm were used for measuring the water 
depths along the pipes, and also for recording the level in the inlet tank. Small apertures 
were opened in the pipes for installing the water depth ultrasonic sensors at 1.5, 2.5, 5.5 
and 6.5 m from the pipe inlet. As well as the continuous recordings, periodic measurements 
of velocity profiles and sediment characteristics were recorded in the pipes. Centerline 
velocity profiles were measured with an Acoustic Doppler Velocimeter (Vectrino, Nortek, 
Norway). In addition, photogrammetric techniques and sampling analyses were developed 
to obtain sediment volume and composition, respectively. For this purpose, two main 
windows were also opened up at 3.2 to 4.8 m from the pipe inlet. 
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2.1.2 Wastewater inlet conditions 
Different supply conditions were available in the facility in order to feed wastewater to the 
inlet tank: pump system (PS), pump system and agitation (PS+A), and raw wastewater (RW). 
On the one hand, a pressured pipe circuit was used to pump the wastewater from the 
primary screening deposit of the WWTP. Under this configuration, constant flowrate 
conditions could be assured during the tests and particle diameters were limited to the 3 
mm grid aperture of the sieves. Therefore, some particle sizes and gross solids were missed. 
Additionally, particle settling was identified at the inlet tank due to low agitation conditions. 
Therefore, some experiments were performed with an agitation pump installed close to the 
bottom of the inlet tank in order to resuspend sediments. On the other hand, raw 
wastewater could also be provided using a gravity system from the inlet chamber of the 
pretreatment facility. Complete grain size distributions were supplied and thus cloths and 
fibres were also observed with this set up. The resuspension system could not be turned on 
under raw wastewater supply conditions, this in order to avoid clogging of the agitation 
pump. 
2.1.3 Sewer pipes set-up 
Sediment transport experiments were performed using 315 mm corrugated and 315 and 
400 mm smooth PVC pipes placed on the flume. The inner diameters (ID) of these pipes were 
275, 300 and 380 mm, respectively. These diameters are the most common geometries used 
in the upper side of urban catchments, what Rammal et al. (2017) have defined as upstream 
secondary sewers, which significantly contribute to the sediment load in case of particle 
resuspension.  
The width of the flume test facility makes it possible to set two sewer pipes at the same 
time. Therefore, the experimental campaign was divided into four flume configurations. The 
corrugated and the smooth 315 mm pipes were tested simultaneously, as were the 315 and 
the 400 mm smooth pipes. Also, 315 and 400 mm smooth pipes were compared with 
equivalent egg-shaped pipes, respectively. No significant bed deposit accumulation was 
observed in tests performed with the egg-shaped pipes, in line with results previously 
reported in Regueiro-Picallo et al. (2017). Therefore, the present study focused solely on 
results derived from the circular pipes. 
2.2 Determination of bed structure and sediment properties 
2.2.1 Measurement of sediment deposits 
Different methodologies were applied to record the volume of sediments deposited in the 





deposits remained undisturbed. First, the methodologies applied in the pipes consisted of 
measuring the bed sediments with the same ultrasonic sensors used for water depths, and 
sediment profiles were obtained from processed images from a laser pointing at the pipe 
contour. This second method improved the punctual recordings from the ultrasonic sensors 
showing the boundaries between the sediments and the pipe contour. However, it also 
revealed a lack of information about the bed deposits along the pipe, in that three-
dimensional structures were observed in most of the tests. More details about these 
methods are available in Regueiro-Picallo et al. (2017). In order to obtain more accurate 
information about the sediment deposits, an innovative solution was applied using the 
Structure from Motion (SfM) technique. SfM is based on photogrammetric methods and 
allows a 3D reconstruction model to be obtained from a set of images (see details in the 
Supplementary Information to this article). This methodology was briefly introduced in 
Regueiro-Picallo et al. (2018) for the same purpose of measuring sediment accumulation 
and bed formations; prior to this, there seem to be no references in the literature to the 
application of such a technique in the sanitary system research field. Another recent 
example of the application of SfM in the urban drainage field can be found in studies by 
Naves et al. (2019a, 2019b), which used this technique to obtain the topography of a 
laboratory street model to simulate surface run-off and to calculate velocity map 
distributions. 
2.2.2 Sediment physicochemical analysis 
Sediment samples were collected manually from the main apertures of the pipes. 
Afterwards, these samples were transferred to the laboratory and frozen so that their 
properties remained undisturbed prior to analysis. The physicochemical properties of 
sediment samples were analysed following international standards. Solid fractions (Total 
Solids- TS and Volatile Solids- VS) and moisture content, together with sediment density and 
grain size distribution, were the physical parameters analysed. Wet and particle densities 
were obtained following the APHA (1998) and UNE-EN 1097-6:2014 (AENOR, 2014) 
standards. However, the differences between the two procedures were below 1%. 
Therefore, only values from the APHA (1998) procedure will be shown in the results. Also, a 
laser diffraction device (Beckman Coulter, USA) was used to analyse the grain size 
distribution (ISO 13320:2009). Laser diffraction analysis presents a higher size class 
resolution with a maximum grain size of 2 mm particles. Despite this limit, all the sediment 
samples showed lower particle sizes. 
Chemical Oxygen Demand (COD) and Oxygen Uptake Rate (OUR) were also analysed. For 
this, sediment samples needed to be prepared through a dilution of the sample with distilled 
water. Three COD types were defined following McGregor et al. (1993) and Regueiro-Picallo 
et al. (2018), according to the agitation applied to the sample dilutions during the 
preparation processes. An absolute value of the sediment COD was obtained after blending 
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the solid-water dilution (COD type I), whereas an estimation of the erodible COD from the 
bed deposits resulted from mixing and stirring (COD type II and III). Furthermore, OUR is a 
relative value of the oxygen consumption obtained from respirometry analysis. This variable 
derives from the BOD regression after 48 hours, similar to that reported in Sadaka et al. 
(2006), and shows how fast the degradation of the sediment sample occurs. 
2.3 Experimental procedure 
2.3.1 Accumulation tests 
The accumulation tests were performed by applying disadvantageous hydraulic conditions 
in the pipes in order to favour sediment deposition. These conditions were set during 
different dry weather flow periods between 3 and 21 days (Figure 5.2). The aim of testing 
different deposition periods was to study the evolution of the sediment characteristics, thus 
continuing studies by Regueiro-Picallo et al. (2018).  
The three types of wastewater supply conditions mentioned above were performed in this 
set of experiments. Flowrate, pipe slope, and downstream boundary conditions were fixed 
at the beginning of each test, and were kept constant during the accumulation phase. 
Wastewater discharges were tested from 1.8 to 4.7 L/s, pipe slopes were set below 0.7%, 
and the fixed downstream boundary conditions resulted in water depths between 75 mm 
and 110 mm in the central main aperture. 
Regular visits to the facility were programmed in order to collect continuous monitoring data 
and perform measurements of sediment composition. For the latter, wastewater discharge 
was by-passed and the pipes were slowly drained so that the volume of sediments could be 
measured and samples taken. In some of the experiments, the remaining sediments at the 
end of the deposition phase were taken as the initial conditions to perform erosion tests, 
and for the remaining accumulation tests, the pipes were cleaned and returned to their 
initial state. 
2.3.2 Erosion tests 
The erosion tests were performed by increasing the flow conditions from the accumulation 
phase. The erosion phase started once the flowrate was increased. These flow conditions 
were kept constant for 30 minutes for all the experiments, following similar experimental 
procedures to those in previous studies (Rushforth et al. 2003b, for example). Some of the 
erosion experiments were performed sequentially by applying velocity increases with the 
aim of setting different shear stress conditions in the near-bed layer (Figure 5.2). Although 
the discharge was fixed at 12 L/s on average for all the erosion tests, the near-bed shear 





the sediment erosion, centreline velocity and shear stress profiles were recorded with the 
ADV. Once the erosion step had finished, pipes were drained again, and the volume of 
sediments were measured and samples were collected. The uneroded sediments were the 
initial conditions in the next erosion step. 
 
Figure 5.2. Experimental procedure for the accumulation and erosion phases. 
2.4 In-sewer sediment transport and erosion models 
A wide variety of formulas can be applied to predict in-sewer sediment mobility. These 
formulas are commonly related to the flow bottom shear stress availability to scour 
sediments beds. However, two sediment transport modes can be distinguished between 
granular and fine fractions. The transport of granular materials, which can be divided into 
bed and suspended loads, depends on flow conditions and the physical properties of the 
deposited particles. Conversely, the erosion of fine cohesive sediments is expressed through 
the relationship between the erosion rate and the critical shear stress, which indicates their 
incipient motion (Skipworth et al., 1999). In the present study, the sewer sediment 
presented partly organic and cohesive properties. Under these conditions, few models 
provide reliable sediment transport predictions. The erosion mode that will be used hereon 
is the bed load sediment transport, which is based on the bed resistance. Following the 
procedure described by Banasiak and Verhoeven (2008), this approach presents the best fit 
for the near bed layer mobilization of partly cohesive particles and sands in circular pipes. 
The sediment bed resistance was evaluated with the bed shear stress, which depended on 
the hydraulic characteristics and the initial sediment conditions. The bed shear stress was 
estimated from the centreline velocity profiles recorded with the ADV during the erosion 
tests, similar to the procedure in Tait et al. (2003b) and Oms et al. (2008). The velocity 
profiles were obtained from 8 to 12 points measured from the wastewater surface to the 
near-bottom with a point distance between 5 and 10 mm. The three orthogonal velocity 
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vectors were measured with a sampling frequency of 25 Hz for 60 seconds at each point. In 
addition, the phase-space thresholding method proposed by Goring and Nikora (2002) was 
applied to de-spike the velocity measurements. As a result, the bed shear stress can be 
expressed by the maximum of the linear Reynolds shear stresses distribution near the bed 
surface: 
𝜏 = −𝜌𝑢 𝑤                       (5-1) 
where 𝜌 is the fluid density (kg/m3) and 𝑢  and 𝑤  are the velocity fluctuations on the x and 
z axes, respectively. The velocity fluctuations are defined as 𝑢 (𝑡) = 𝑢(𝑡) − 𝑢 and 𝑤 (𝑡) =
𝑤(𝑡) − 𝑤, where 𝑢 and 𝑤 are the average velocities in the x and z axes for each 
measurement.  
The bed shear stress for mobile beds is commonly expressed as the composition of the grain 
and form resistances 𝜏 = 𝜏 + 𝜏 , corresponding to the skin friction and the bed form 
shear stress, respectively. The skin friction shear stress is estimated from the expression 
𝜏′ = 𝜌𝑢∗ , where 𝑢∗ is the grain shear velocity that can be evaluated for rough-bed 




                     (5-2) 
where 𝑈  (m/s) is the initial mean velocity of the experiment, 𝑘  is the equivalent bed 
roughness height regarding the grain size and is assumed to be equal to the mean grain size 
𝑑  of the bed deposits (Banasiak and Verhoeven, 2008), and 𝑅  is the hydraulic radius 
influenced by the bed deposit that can be obtained from the sidewall elimination approach: 
𝑅 = 𝑅
⁄
                     (5-3) 
where 𝑅 is the total hydraulic radius and 𝑛  and 𝑛  (s/m1/3) are the roughness coefficients. 




                    (5-4) 
where 𝑃 (m) is the wetted perimeter and the subscripts 𝑤 and 𝑏 denote the pipe wall and 
the sediment bed, respectively. Therefore, the composite roughness 𝑛  is equal to the PVC 
wall roughness 𝑛  when no sediment is deposited in the pipe. The value of the 𝑛  was fixed 
at 0.010 s/m1/3, which is a common value for clean PVC pipes, and the bed roughness 𝑛  was 









                      (5-5) 
3 Results 
This section will show the wastewater flow loads at the inlet tank of the facility, taking into 
consideration the operational strategies of the WWTP. Then, the results of the deposition 
and sediment transport tests will be presented separately. Accumulation results focus on 
the deposition rate of sediments in the bottom of the pipes, the description of the type of 
in-sewer sediments, and the time-evolution of their physicochemical properties. By 
contrast, transport tests show the influence of flat or bed form conditions in the shear stress 
distributions in pipes. Bed form dimensions are also measured and their influence in the flow 
resistance is noted. Finally, dimensionless bed-load transport rates are compared with 
predictions derived from former transport capacity formulas. 
3.1 Inlet wastewater characterization 
The facility allowed for fixing roughly constant flowrates, but the wastewater concentrations 
were influenced by variations in the wastewater load. TSS and COD daily patterns were 
observed using wastewater probes. Conversely, rain events do not affect the facility’s 
wastewater supply, due to the flow homogenization capacity of the WWTP (Regueiro-Picallo 
et al., 2017). TSS and COD concentrations were obtained from the wastewater sampling 
campaign. Daily TSS concentrations ranged from 50 to 550 mg/L and COD values from 50 to 
1300 mg/L. Turbidity and light absorbance recordings from the probes were compared with 
the TSS and COD concentrations in each test, respectively. A significant variability between 
Turbidity-TSS (Figure 5.3, a and b) and Absorbance-COD (Figure 5.3, c and d) relationships 
was observed due to the heterogeneous composition of the wastewater.  
In terms of the wastewater supply conditions, the average TSS and COD concentrations were 
236 and 519 mg/L, respectively, in the tests performed with the pump system. The 
concentrations slightly increased to 247 and 548 mg/L, respectively, when the agitation 
pump was enabled in the pump system and agitation tests. Finally, the raw wastewater 
supplying system provided the highest TSS and COD concentrations of 355 and 818 mg/L, 
respectively. These differences in the inlet wastewater parameters, especially in the 
suspended solid concentrations, influenced the volume of deposited sediments, as will be 
shown below. 
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Figure 5.3. Comparison of performance in the facility’s inlet tank between the average (black line) ± 
standard deviation (grey shade range) daily signals of turbidity (a and b) and light absorbance (c and 
d) probes, and the analysed wastewater parameters TSS and COD, respectively. Wastewater 
parameters are represented by boxplots, where the box represents the 25th and 75th percentiles of 
the values, the dash-line covers values that are less than 1.5 times the interquartile range from the 
top or bottom of the box, and red ‘+’ signs are outliers. Boxplots are separated according to RW 
(blue), PS (green) and PS+A (orange) supply conditions. 
3.2 Sediment accumulation tests 
3.2.1 Evolution of sediment bed deposits 
A series of 28 accumulation tests were performed in the flume test facility, involving the 
three inner diameters (ID) of the circular pipes. Different deposition times were studied; 
short periods between 3 and 7 days, and long accumulation terms for more than 10 days of 
dry weather flow conditions. As mentioned earlier, constant flowrates were set during the 
tests, according to the three wastewater supply conditions. In addition, disadvantageous 
slopes and downstream boundary conditions produced low mean velocities that favoured 
the deposition of sediments in the bottom of the pipes. The threshold mean velocity that 
caused the sediment accumulation was roughly estimated at 0.3 m/s, in light of results 
reported in Regueiro-Picallo et al. (2017). In the present study, all the accumulation tests 
were performed with a lower flow velocity. The complete accumulation test conditions are 





The deposition rate represents the linear increase of the bed deposit height during the first 
days of accumulation. This approach was limited to seven days in the case of large periods, 
which showed non-linear sediment growths once the first week of the deposition test had 
passed, as illustrated below. The sediment accumulation was obtained from the volume of 
bed deposits recorded during the deposition processes at the central control section of each 
pipe. The most accurate results were obtained by applying the SfM method, this due to the 
complete reconstruction of the bed deposits (Regueiro-Picallo et al., 2018). Such a 
procedure allowed for the calculation of the total volume of the sediments deposited in the 
control section and also the forms on the bed surface. Therefore, the average sediment 
height was calculated according to the circular segment formula.  
Figure 5.4 shows the time-evolution of the bed deposit heights in the 315 (smooth and 
corrugated) and 400 mm pipes, regarding the wastewater supply conditions. The resulting 
deposition rates ranged from 0.8 to 6.2 mm/day during the first week. The highest growth 
rates corresponded to the experiments performed with the raw wastewater supply 
conditions, which presented the lowest initial mean velocities and the highest TSS inlet 
concentrations. Under these conditions, the deposition rate increased to 4.9 mm/day on 
average. In the remaining tests performed with the pump system, different decay trends in 
the sediment height values were observed after the linear increase during the first week. 
The 315 mm pipe results decreased after the tenth day of deposition, which might be 
assumed as a result of the compacting of the bed deposit layer, similar to that reported by 
Banasiak et al. (2005). Conversely, the 400 mm pipe measurements stabilized at a constant 
sediment height of 20 mm from the fifteenth day. 
 
Figure 5.4. Sediment deposition during the accumulation phase in the 315 and 400 mm pipes. 
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3.2.2 Characterization of the sediment physicochemical properties 
A total of 88 samples were collected in order to analyse the physicochemical properties of 
the in-sewer sediments during the deposition campaign. Sediment sampling was performed, 
as a minimum, at the end of each accumulation test. However, control samples were also 
taken during the deposition phase in some experiments. The types of in-sewer sediments 
identified were bed deposits (44 samples), which were deposited at the bottom of the pipes, 
and wall biofilms (44 samples). They were classified as type A/C and type D sediments 
respectively, according to the sewer sediment rank proposed by Crabtree (1989). Most of 
the parameters from the physicochemical analysis of the sediment samples showed an 
average ± standard deviation (SD) similar to past studies, with some exceptions (Table 5.1). 
The COD values from bed deposit samples were slightly lower than those obtained by 
Crabtree (1989). The same applied to the volatile fraction, COD and OUR parameters in wall 
biofilms, although the presence of organic particles was higher than in bed deposit samples. 
Table 5.1. Physicochemical properties of bed deposits (Type A/C) and wall biofilms (Type D) in the 
deposition tests, and comparison with past studies. 
Parameter Bed deposits  Wall biofilms 
 Average ± SD Type A1) Type C1)  Average ± SD Type D1) 
Wet density (kg/m3) 1409 ± 143 1720 1170  1145 ± 79 1210 
TS (g/kg) 480 ± 122 734 270  249 ± 59 258 
VS/TS (%) 17.5 ± 14.6 7.0 ± 5.4 50.0 ± 23.5  21.5 ± 7.4 61.0 ± 32.9 
d50  (mm) 0.149 ± 0.044 0.063-2 0.063-2  0.043 ± 0.010 0.063-2 
COD type I (g/kg)* 11.1 ± 18.1 23 ± 14.5 76 ± 17.5  34.1 ± 21.1 193 ± 160.2 
COD type II (g/kg)* 7.7 ± 15.5 - -  21.0 ± 12.8 - 
COD type III (g/kg)* 8.3 ± 14.9 - -  23.4 ± 14.7 - 
OUR (g/kg/d)* 15.2 ± 15.2 4.2 ± 3.8 20 ± 10.2  37.9 ± 12.7 103 ± 97.9 
1)Adapted from Crabtree (1989).  
*(g/kg) and (g/kg/d) dry sediments 
Regarding the standard deviations from the average values, the parameters related to the 
organic content showed a high degree of variability, most notably in bed deposit samples. 
The reason for such fluctuations derives from the time-evolution transformations of the 
sediments. Figure 5.5a shows that the bed deposit samples with the largest organic content 
were obtained during the first week. Later, the organic content decreased as the 
accumulation period increased. The volatile content presented an average percentage of 
24% during the first week, reaching values close to the 70% of volatile solids during the first 
three days. Then, the percentage decreased to 14% and 10% during the second and third 





trends. During the first week the COD type I and the OUR were 18.6 g/Kg and 23.0 g/kg/day, 
respectively. The results then decreased to 7.2 g/kg and 11.1 g/kg/day during the second 
week. Finally, the analysis of chemical parameters showed a decrease to 4.3 g/kg and 6.6 
g/kg/day in the third week. The same trend was reflected in the COD type II and III analysis, 
which represented 83% and 89% on average of the COD Type I values, respectively (R2 = 0.97 
in both cases). 
Opposite trends were obtained for the total solids and wet densities of the bed deposits 
(Figure 5.5b): the larger the deposited period, the greater the solid content and density. 
These parameters increased from 43.2 g/kg and 1356 kg/m3 in the first deposition week, to 
50.2 g/kg and 1432 kg/m3 in the second week, and 53.8 g/kg and 1469 kg/m3 in the third 
week, respectively. Based on these results, the sediment consolidation tended to minimize 
the organic fraction of bed deposits. Regarding the particle distributions, the mean grain size 
values decreased slightly on average during the accumulation phase, from 0.164 mm in the 
first week to a constant value of 0.140 mm in the following deposition periods. As a result 
of the complete analysis of bed deposit samples, the volatile content showed clear 
relationships with the oxygen consumption indicators (COD and OUR) and also with the wet 
density and particle size distribution parameters (see Figure S2 in the Supplementary 
Information to this article). 
Smaller time variations of the wall biofilm physicochemical properties were obtained 
compared to that for bed deposits (Figure 5.5, c and d). The volatile content in the biofilm 
samples during the deposition phase decreased from 24.5 during the first week, similar to 
the bed deposit samples, to a constant value of 18.9% in the second and third weeks. Similar 
decays were also obtained for the COD and OUR parameters, the average values of which 
were greater than those for the bed deposits. Thus, the COD type I began with a value of 50 
g/kg, then decreased to 26.5 g/kg during the middle-week, and reduced further to 19.3 g/kg 
at the end of the largest accumulation tests. Likewise, the OUR analysis showed a value of 
43.9 g/kg/day in the first week and decreased to 36.6 and 27.1 g/kg/day during the second 
and third weeks, respectively. Regarding the physical parameters, results were lower than 
those obtained for bed deposits and were constant, without being influenced by the 
deposition time. 
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Figure 5.5. Time-induced variations in the mean and standard deviation values of the 
physicochemical properties (volatile content, COD type I, OUR, total solids and wet density) of bed 
deposits (a and b) and wall biofilms (c and d). 
3.3 Sediment erosion tests 
3.3.1 Bed forms 
Bed forms are produced in erodible sediment deposits under certain flow and sediment 
transport conditions. The velocity conditions in the sediment erosion tests ranged from 0.30 
to 0.57 m/s, which led to different Froude numbers 𝐹 = 𝑈 (𝑔𝐴 𝐵⁄ ) .⁄ , where 𝐴 (m2) is the 
wetted area and 𝐵 (m) is the width of the water surface. Bed forms were identified with 
Froude numbers between 0.30 and 0.40 for the tests performed in the 315 mm smooth and 
corrugated pipes, and between 0.35 and 0.50 in the 400 mm smooth pipe. Finally, 
experiment conditions that produced Froude numbers greater than 0.55 resulted in the 
complete washing out of the deposited particles. Further details of the erosion test 





These bed structures were distributed repeatedly on the longitudinal axis but also had 
transverse variations. The SfM methodology improved the accuracy of determining the 
average bed form amplitude Hbed and wavelength Lbed from the spatial bed-form distribution 
after each erosion run. Figure 5.6a shows the spatial-averaged profiles of the ripples and 
dunes from different erosion test conditions. The bed forms for the complete set of 
experiments present heights of between 1.3 and 4.4 mm and lengths of between 25.8 and 
45.6 mm.  
Following the criteria proposed by García (2008), the bed forms in the present study can be 
classified as ripples, because all the tests satisfied the conditions 𝐹 < 1 and 𝑅𝑒∗ ≤ 11.6, 
where 𝑅𝑒∗ = 𝑢∗𝑑 𝜈⁄  is the shear velocity Reynolds number, 𝑢∗ is the total friction velocity 
(m/s), and ν is the water dynamic viscosity (m2/s). The total friction velocity can be estimated 
from 𝑢∗ = 𝑔𝑅𝑆 , where 𝑆  is the friction slope determined by the Manning equation 𝑈 =
𝑅 ⁄ 𝑆 /𝑛 . Under these conditions, ripple dimensions depend mainly on the bed deposit 
characteristics. Figure 5.6b shows the relationship between the ripple steepness and the 
dimensionless particle diameter 𝐷∗ = 𝑑 (𝑔(𝜌 𝜌⁄ − 1) 𝜈⁄ ) / . The ripple steepness, 
which is commonly related to the bed resistance (van Rijn, 1984c), decreased with the larger 
grain sizes, as suggested in previous studies (e.g., Raudkivi, 1997). More details about the 
dimensions of the bed forms can be found in Figure S3 in the Supplementary Information to 
this article. 
 
Figure 5.6. Longitudinal profiles after tests with H/L = 0.065, H/L = 0.075 and H/L = 0.097 (a) and 
bed form steepness as a function of the dimensionless particle diameter compared (b). 
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3.3.2 Flow resistance 
Bed load transport prediction models are based on the relationship with the dimensionless 
bed shear stress 𝜃 = 𝜏 (𝑔(𝜌 − 𝜌)𝑑 )⁄ . However, the development of bed forms in the 
sediment deposits produces variations in the bed shear stress that can spoil the sediment 
transport estimation. Therefore, the relationship between the dimensionless bed and skin 
friction shear stress, 𝜃  and 𝜃  respectively, should be considered under the presence of 
bed formations. For instance, Ota and Nalluri (2003) presented the following relationship 
between 𝜃  and 𝜃  based on experiments performed in a flume test facility with 225 and 
305 mm pipes with uniform sand grain sizes ranging from 0.78 to 2.83 mm. 
𝜃 = 18𝜃
.
                     (5-6) 
In this equation, the dimensionless bed shear stress increased due to the presence of dunes 
from a dimensionless shear value of 0.036. Engelund and Hansen (1967) also proposed a 
relationship between these two parameters based on sediment transport measurements in 
sand-bed streams. In the proposed equation the dimensionless bed shear stress differs from 




                     (5-7) 
Figure 5.7 shows the comparison between the dimensionless bed and skin friction shear 
stress in the present study. Both parameters are roughly equal for the bed flat conditions. 
Conversely, the local bed shear stress provided by the ADV presents slightly higher results 
when the bed forms occurred. Nevertheless, the deviation between 𝜃  and 𝜃  was smaller 
than the relationship provided by the previous equations. This disagreement may have 
occurred because the sediments used in the experiments performed to obtain the equations 
6) and 7) were non-cohesive sands in comparison with the fine cohesive sediments used in 
the present study. A similar tendency was shown in Banasiak and Verhoeven (2008), where 
results for non-cohesive sediments agreed with these experimental formulations, whereas 






Figure 5.7. Measured dimensionless bed and skin friction shear stress and calculated values from 
the approaches of Engelund and Hansen (1967) and Ota and Nalluri (2003). 
3.3.3 Bed load sediment transport rates 
The bed-load transport 𝑞  (g/m/s) was obtained from the difference between the final and 
the initial mass of bed deposits in the control section per width unit for each erosion step. 
This transport mode indicates the mobilization of bed deposits and is usually predicted by 
using the skin friction shear stress criteria 𝜏  (Meyer-Peter and Müller, 1948). Figure 5.8 (a, 
b and c) shows the relationship between 𝑞  and 𝜏  parameters, highlighting the experiments 
with three erosion steps. A clear dependency is observed between the mobilised sediments 
and the preceding deposition phase. As an example, transport tests performed with 3-day 
deposited sediments under low shear stress conditions showed bed-load transport rates 
higher than those obtained after larger deposition periods. Under these non-consolidated 
conditions, the maximum sediment transport was exceeded in the second erosion step. 
After that, the available sediment in the pipe invert was insufficient to study the erosion 
processes in the third step. This lack of bed deposits in the control section was caused by a 
progressive erosion in the bed structure without a sediment supply from the inlet of the 
pipes, which was limited by the length of the flume test facility. Furthermore, 𝑞  and 𝜏  
values were compared with a polynomial curve generated from the results of a study by 
Banasiak and Verhoeven (2008) for sands. This comparison illustrates that non-consolidated 
organic bed deposits present similar behaviour to sands. Therefore, sewer sediments 
showed non-cohesive behaviour under small preceding deposition times. However, as the 
consolidation time increased, the bed-load transport approach for sands overestimated the 
relationship between the initial sewer sediment mobilisation and the critical shear stress. 
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Figure 5.8. Bed-load transport and skin friction shear stress values for the erosion tests after 
preceding deposition times of 3 (a), 7 (b) and 21 (c) days, and comparison with the bed-load 
approach for sands from Banasiak and Verhoeven (2008) (black line). Erosion test identification 





The critical bed shear stress can be roughly estimated at between ~0.15 and ~0.20 N/m2 in 
the erosion tests with low deposition periods, which matches the highest percentages of 
volatile solids in bed deposits. This parameter varied considerably between ~0.16 and ~0.24 
N/m2 when the preceding deposition time was 7 days. Finally, the erosion tests with 21 days 
preceding accumulation phase presented the lowest amounts of organic contents and the 
critical bed shear stress was higher than ~0.30 N/m2. Therefore, longer periods of deposition 
favour bed deposit cohesion, resulting in greater bed resistance. Likewise, sediment 
cohesion is related to the transformation of the organic matter due to the dependency 
between the accumulation time and the evolution of the organic content, as seen in the 
accumulation tests. 
In order to compare these erosion results with most previous bed-load transport studies, 
Figure 5.9 sets out the relationship between the dimensionless skin friction shear stress 𝜃  
and the dimensionless bed-load transport  𝜙 = 𝑞 /(𝜌 (𝑔𝑑 (𝜌 − 𝜌)/𝜌) . ). Erosion tests 
were classified based on the disturbance depth. The disturbance depth δ (mm), which is 
defined as the difference between the final and the initial sediment heights, represents 
another meaningful parameter to assess the erodibility of bed deposits (Banasiak and 
Verhoeven, 2008). A disturbance depth limit of 5 mm was fixed to classify the erosion tests. 
Below this limit, erosion tests showed 𝜙  values without a clear pattern. This spread of 
results corresponded mainly to experiments with small initial sediment heights. Because of 
the lack of sediment at the beginning of the erosion test, a swift erosion of the bed deposits 
could be expected and, therefore, the bed-load transport rate would be underestimated. 
Under such conditions, a better approach would be provided by erosion rate formulas. No 
other correlation was identified between these results and the remaining sediment 
parameters mentioned. On the other hand, tests with disturbance depths higher than 5 mm 
followed a potential approach, similar to most previous studies. Above this limit, it was 
assumed that the bed-load transport conditions had developed over the course of the 
erosion test.  
The bed-load transport results were also compared to those obtained from other existing 
bed-load transport models, hereafter 𝜙  – 𝜃  models. In order to simplify this comparison, 
two 𝜙  – 𝜃  models were presented, which resulted from experiments with non-cohesive 
and organic mixtures, respectively. Ota and Nalluri (2003) presented an equation based on 
uniform sand studies, in which the dimensionless bed transport parameter was obtained by 
the difference between the dimensionless skin friction and critical bed shear stress: 
𝜙 = 16.5(𝜃 − 0.036) .                    (5-8) 
The value of the critical dimensionless bed shear stress was fixed at 0.036, lower than 0.047 
proposed by Meyer-Peter and Müller (1948). According to the present results, this model 
overestimates the dimensionless bed transport parameter. Banasiak and Verhoeven (2008) 
showed that bed transport was predicted accurately by this model for non-cohesive 
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sediments. However, sediment transport was also overestimated in the experiments with 
cohesive mixtures. Conversely, Arthur et al. (1996) proposed a model to predict the 
transport of near-bed fluid sediments based on measurements in real sewers. 
𝜙 = 2.2775 × 10 𝜃′ . 𝐷∗
. 𝑍 . (𝐵 ℎ⁄ ) .                  (5-9) 
where 𝑍 = 𝑑 ℎ⁄  is the relative grain size and ℎ  the flow depth. This 𝜙  – 𝜃  model 
derives from the modification of the inorganic near bed transport rate model proposed 
previously by Perrusquía and Nalluri (1995). The model yields better performance with the 
results that showed a significant disturbance depth in the present study. The main reason 
for this agreement is that the above equation was obtained from measurements with 
organic material. 
 
Figure 5.9. Measured dimensionless bed transport and skin friction shear stress, and values 
calculated from the approaches of Arthur et al. (1996) and Ota and Nalluri (2003). 
4 Discussion 
Previous erosion and transport studies were mostly performed in laboratory flumes with tap 
water and granular, non-cohesive materials. Therefore, equations for the study of sewer 
sediment transport were generally drawn from river research (Bertrand-Krajewski, 2006). 
However, field studies typically defined sewer sediments as cohesive mixtures with a 
significant percentage of organic matter. Recent laboratory work has been carried out with 
surrogate organic materials or cohesive mixtures in order to bring sediment transport 
models nearer to real sewer conditions. Nevertheless, these studies have also presented 
some limitations since they only consider the erosion and transport phases, ignoring 





campaign performed in a flume test facility in order to study the deposition and erosion 
processes in sewer pipes. The facility has the advantage that wastewater can be supplied to 
the experimental facility. Under these conditions, deposited sediments presented organic 
contents higher than 10%, similar to those obtained in field research. 
Short and long accumulation periods were planned in the experimental campaign in order 
to study the deposition mode depending on the pipe diameter and the wastewater supply 
conditions, and the influence of sediment consolidation in the subsequent enforced 
mobilization of bed sediments. On the other hand, erosion tests were designed to analyse 
the flow resistance regarding formations in the surface of deposited sediments. 
Furthermore, some erosion tests were performed under increasing flow velocity steps in 
order to determine the sediment motion threshold. For all experiments, inlet conditions 
were monitored and the bed structure and its physicochemical properties were measured 
with a high degree of accuracy. New insights have been developed here to analyse the 
physicochemical properties of deposited mixtures and to measure the transported 
sediments. 
Physicochemical analyses of the sewer sediments were performed during the accumulation 
tests. Two types of sediments were observed in the pipes, following the classification of 
Crabtree (1989). Bed deposits were classified as non-uniform mixtures of Type A/C. These 
mixtures were mainly formed by fine-grained and granular materials. The percentage of fine 
particles (< 63 μm) ranged from 25% to 30%, and thus bed deposits could be assumed to be 
cohesive mixtures (Torfs et al., 1994). Fine grain sizes are relevant since they lead to more 
cohesive structures of bed deposits, and their resistance has an influence on erosion 
(Banasiak and Verhoeven, 2008). On the other hand, biofilms of Type D developed on the 
pipe walls, from the wastewater surface to the bed deposits. The organic fraction of these 
sediments was higher than bed deposits, and their composition showed silt particles and 
greases. Because of both deposition classes, the pipe roughness was modified and the 
sediment transport capacity of the sewer pipes decreased. 
Average values from the physicochemical analyses were broadly in line with reference 
studies, except for the COD values, which were lower, especially for biofilms. Negligible 
deviations were found between the sediments sampled in the different circular pipe 
configurations. Also, a significant variability in bed deposit and wall biofilm properties was 
obtained in relation to the deposition time. This variability was caused by biological 
processes within the sediments and their interaction with the wastewater flow (Crabtree, 
1989). The main effect of the ‘aging’ of this sediment was the increase in density and solid 
content and, conversely, the reduction in organic matter and mean grain size of the bed 
deposits. Results from the analysis of volatile solids, COD and OUR attained their maximum 
values during the first days of deposition. The same trends were reported by Ristenpart 
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(1995), who analysed bed deposit samples at different deposition stages from an intercept 
sewer. 
COD type I values showed the total pollution of the sample, in that the blending process 
separates the polluted fraction from the solid particles, following McGregor et al. (1993). 
Also, the COD type II and III accounted for the readily erodible fraction of pollutants that 
could be released from the sample. Ashley et al. (2004) showed that the fractions between 
the COD obtained from the readily erodible and blending preparation processes were 25% 
and 57% for type A and C sediments, respectively. Current results showed that 74% of the 
pollutants attached to the sediment could be discharged into the wastewater during the first 
accumulation days, this produced by a shear stress increase. After several weeks, this 
percentage was slightly reduced to 56%, close to levels reported by Ashley et al. (2004). In 
the case of wall biofilms, this fraction was roughly constant, and higher than 75%. On the 
other hand, the biological activity of the sediment sample was evaluated with the OUR. High 
OUR values pointed to a high percentage of organic matter and also a rapid biodegradation 
of the sediment sample, which could be related to the sediment bed resistance, according 
to previous studies (c.f. Vollertsen and Hvitved-Jacobsen 2000).  
In addition to the methodologies used to characterize the sediment properties, an 
innovative photogrammetric technique was also developed for measuring the deposited 
sediments in pipes. The SfM was used to perform a 3D reconstruction of the sediment 
surface, detailing the bed structures. Within the area of sediment transport in sewers, no 
similar studies have been found that apply this photogrammetric methodology. Although 
the application of SfM in the laboratory flume was simple, its implementation in field studies 
might be less effective due to the draining phase of the pipes. The most frequently used 
techniques in field campaigns were based on multiple point measurements or transversal 
profilers, such as laser or sonar technologies (Bertrand-Krajewski and Gibello, 2008; Lepot 
et al., 2017). Furthermore, computational vision techniques were also developed to record 
bed load transport through longitudinal sections (Grasso et al., 2017). However, previous 
techniques missed part of the bed surface information, and presented high-level data 
processing. 
Periodical SfM measurements made it possible to monitor the progressive deposition of 
sediments during the accumulation tests. The accumulation was influenced by the flow 
velocity and the inlet suspended solid conditions, which depended on the wastewater supply 
conditions. The raw wastewater system introduced higher suspended solid concentrations 
than the pressurized system. Therefore, the highest bed depositions were produced by the 
highest concentrations, together with the lowest velocities. The resulting daily rates during 
the first deposition week ranged between 1.3 and 6.2 mm/day (0.078 and 0.997 kg/m/day) 
for the 315 mm smooth and corrugated pipes, and between 0.8 and 4.1 mm/day (0.070 and 





Wichern (2013) showed an average daily accumulation of 2.85 mm/day. Earlier studies, such 
as Verbanck (1992), reported daily deposition rates in combined sewers of between 0.154 
and 0.176 kg/m/day. 
The accuracy of the SfM methodology also allowed for the assessment of bed forms 
characteristics. These formations were developed in some of the erosion tests with Froude 
numbers between 0.3 and 0.5. Most of the observed bed forms corresponded to ripples, as 
they satisfied the shear velocity Reynolds number criteria proposed by Garcia (2008). In the 
tests with Froude numbers close to 0.5, transition towards dunes were identified. 
Ripple forms depend mainly on the bed deposit characteristics. Because of this, it was found 
that the dimensionless particle diameter increased as the bed form steepness decreased. 
Past studies, such as Raudkivi (1997), showed the same trend. Nevertheless, the measured 
bed forms were smaller than those observed in studies with only granular materials 
(Banasiak and Verhoeven, 2008), this due mainly to the cohesion of the sewer sediment. 
Therefore, prediction formulas for ripple dimensions, which typically depend on the mean 
grain size (c.f. Julien and Klaassen, 1995; Baas, 1999), provided wide differences.  
Total bed shear stress, which was obtained from the turbulent profile recorded with the 
ADV, was influenced by the bed forms regarding flat bed conditions. Results showed small 
differences between the skin friction and the bed shear stress when ripples were formed, 
which implied a higher bed resistance. The equations proposed by Engelund and Hansen 
(1967) and Ota and Nalluri (2003) to estimate this deviation between the shear stresses were 
formulated from tests performed with non-cohesive granular sediments. Both equations 
produced greater differences in comparison to the measurements themselves. Similar 
behaviour was reported by Banasiak and Verhoeven (2008), where it was suggested that the 
cohesive mixtures significatively reduce this deviation. 
Differences between bed structures at the beginning and end of the erosion steps were used 
to measure sediment transport. The calculation of the eroded mass in the control section 
was improved due to the SfM methodology. The erosion mode was identified as bed-load 
transport because no significant shifts were recorded in the wastewater loads at the flume 
outlet. This transport mode was affected by the preceding deposition time of the sewer 
sediments. Freshly deposited sediments behaved like non-cohesive granular material, 
despite the high percentage of fine particles. As the accumulation time increased, bed 
deposits tended to consolidate (Banasiak et al., 2005), increasing their cohesion and so their 
erosion threshold. This behaviour derived in lower bed-load transport rates for the same 
grain shear stress conditions. Also, critical shear stress could be assumed to be higher when 
the deposition time increased, which was also in line with the increase in particle density 
and the reduction of organic matter. Therefore, the erodibility of the bed deposits was 
directly affected by the variation of the sediment properties due to the consolidation period. 
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During this period, the formation of EPS and the microbial community activity can also play 
an important role in sediment anti-scouribility (Meng et al. 2019). 
The relationship between the dimensionless bed-load transport rate and skin friction shear 
stress measurements seemed to be randomly spread. Thus, a disturbance-depth-based 
criterion was selected to discern a relationship between the results and the common 
sediment transport capacity formulas. The disturbance depth δ has frequently been used to 
assess sediment erodibility and particle re-entraining during the transport processes (Ashley 
et al., 2004; Banasiak and Verhoeven, 2008). In the present study, a disturbance depth 
higher than 5 mm was considered to ensure continuous bed-load transport conditions 
during a single erosion step. Conversely, δ < 5 mm were mainly obtained from tests with 
residual amounts of bed deposits at the beginning of the step, which behaved like difficult-
to-wash crusts. These tests were affected by the progressive erosion of bed deposits 
upstream of the control section, which was limited by the flume length. Thus, the time to 
reach the bed-load equilibrium was less than the step duration and, consequently, the 
uncertainty of the sediment transport measurement increased. In these tests, sediment 
mobility could be influenced more by erosion-based processes of cohesive sediments, whilst 
transport capacity formulas seemed to provide unreliable predictions. 
After establishing the disturbance depth criteria, 𝜙  – 𝜃  measurements from the erosion 
tests with a δ > 5 mm broadly agreed with the formula proposed by Arthur et al. (1996). This 
approach was based on organic bed-load transport measurements in a real sewer and 
showed a better performance in comparison with other models, such as Ota and Nalluri 
(2003), which was formulated after performing erosion tests with non-cohesive and uniform 
materials. On the other hand, dimensionless bed-load transport rates were overestimated 
by previous 𝜙  – 𝜃  models in the erosion tests, in which the δ < 5 mm condition was 
satisfied. 
5 Conclusions 
A series of sediment accumulation and transport tests were performed in different circular 
pipes, placed in a flume test facility. New insights were developed towards sewer sediment 
transport analysis. The photogrammetric technique SfM allowed for the highly accurate 
measurement of the volume and the bed forms of the deposited sediments. Results from 
this technique improved the information about the bed structure in comparison to punctual 
or transversal profile measurements. Another methodology developed in this study was the 
physicochemical characterization of sediment samples in both accumulation and erosion 
tests. These analyses made it possible to study the evolution of the sediment properties and 
their influence in the bed resistance. Organic matter indicators, such as COD or OUR, pointed 





Accumulation tests showed that the increase of the deposition in the pipes followed a linear 
trend within the first week. Later, the sediment height tended towards a constant value. 
However, this value decreased in some cases due to compacting processes in the bed 
deposits. Furthermore, the deposition time had an influence in the variation of the 
physicochemical properties of bed deposits and, to a lesser extent, in wall biofilms. As the 
deposition advanced, biological transformations reduced the organic fraction of the 
sediment samples, pointing to continuous biodegradation.  
Erosion tests were performed to quantify the bed resistance and the sediment transport in 
circular pipes. Bed forms were developed in some of these tests with Froude numbers 
between 0.3 and 0.5. The bed shear stress produced by the bed forms was slightly higher in 
comparison with flat bed conditions. This difference strongly affected bed resistance. 
Furthermore, a clear relationship was observed between the bed-load transport rates, the 
deposition time, and the biological transformations of the sewer sediments. Bed deposits 
were easily eroded after short accumulation periods, showing a similar behaviour to non-
cohesive mixtures. Conversely, higher critical bed shear stress values were obtained for 
consolidated sediments, pointing to greater cohesion. Therefore, long dry weather periods 
in combined sewers with sediment deposition would increase bed deposit resistance, thus 
hindering sediment erosion. 
Finally, bed-load transport rates were generally overestimated with transport capacity 
formulas. Only a potential curve trend was found between the dimensionless skin friction 
shear stress and bed-load transport results when the eroded depth was significant (δ > 5 
mm). Under these conditions, the formula presented by Arthur et al. (1996) provided 
suitable predictions, since it derived from studies with cohesive organic sediments. 
However, the lack of formulas to predict the transport of organic and cohesive sediments in 
sewer pipes is still missing. Future work should focus on improvements in the measurement 
of the sediment threshold motion and the erosion time, in order to avoid the complete bed 
deposit erosion being below the testing time. 
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Volume of sediments: Structure from Motion 
Sets of 30-50 images were taken randomly in different positions with a Lumix GH4 
(Panasonic Corp., Japan) camera in order to measure the volume of accumulated sediment 
in one of the main windows of each pipe (Figure 5.S1a). These images were uploaded to the 
free license software VisualSFM (Wu et al., 2011; Wu, 2013) to compute the reconstruction 
of the deposited sediments in the pipe contour. The software identifies the matched points 
between the complete set of images and builds a dense point cloud of the pictured space. 
In order to optimize the model reconstruction, Dietrich (2016) suggests an overlap between 
images of at least 60%.  
Once the point cloud was defined, it was necessary to transform and scale the model to a 
known coordinate system. For this purpose, pipe contours were marked with a grid 
reference in order to identify the points in both coordinate systems. Six reference points 
were selected to perform the point cloud transformation, which was obtained with the open 
source software MeshLab. The averaged Root Mean Square Errors (RMSE) between the real 
and the resulting coordinates of the reference points were below 2 mm. The Screened 
Poisson Surface Reconstruction function (Kazhdan and Hoppe, 2013) was then applied to 
define the mesh of the sediment surface (Figure 5.S1b). Finally, the volume of sediments in 
the studied section was calculated as the difference between the integration of the resulting 
sediment surface and the volume of the clean geometry. Thus, SfM constitutes a low-cost 
technique to obtain an accurate model of sediment accumulation. Indeed, transversal and 
longitudinal profiles can also be extracted to assess bed structures, such as bi-dimensional 
bed forms. 
  






Results: accumulation test conditions 
Table 5.S1. Summary of the accumulation test conditions: test number; deposition time t (day); 
wastewater supply conditions WW (raw wastewater -RW, pump system -PS or pump system with 
agitation -PS+A); flowrate Q (L/s); slope of the pipe S (‰); wastewater total suspended solid 
concentration TSS (mg/L); filling ratio, measured in the central main aperture of the pipe and defined 
as the water depth divided by the inner diameter hw/ID (%); initial mean velocity U0 (m/s); 7-day 
deposition rate (mm/day); performance of erosion test and number of steps. 
Test 
# 
t WW Q S TSS hw/ID U0 
Deposition 
rate (7 d) 
Erosion 
test # 
- (day) - (L/s) (‰) (mg/L) (%) (m/s) (mm/day) {steps} 
315 mm corrugated pipe. ID = 0.28 m 
1 3 RW 1.8 0.3 306 36% 0.095 4.6 1 {1} 
2 3 RW 2.1 0.3 355 37% 0.106 4.3 2 {3} 
3 7 RW 1.9 0.3 274 36% 0.098 4.1 3 {3} 
315 mm smooth pipe. ID = 0.30 m 
4 3 RW 1.8 0.3 306 35% 0.085 6.2 5 {1} 
5 3 RW 2.1 0.3 355 35% 0.094 4.8 6 {3} 
6 7 RW 1.9 0.3 274 35% 0.087 5.6 9 {3} 
7 4 PS 4.5 3.2 173 31% 0.238 1.6 - 
8 7 PS 3.0 6.8 271 26% 0.210 1.3 - 
9 7 PS 4.4 3.2 204 32% 0.233 1.6 - 
10 7 PS 4.0 1.1 263 26% 0.268 2.5 8 {1} 
11 7 PS 4.1 1.1 294 26% 0.271 1.3 - 
12 11 PS 4.4 6.8 215 28% 0.276 1.7 - 
13 3 PS+A 4.2 1.1 292 27% 0.275 1.7 4 {1} 
14 7 PS+A 3.2 6.8 290 28% 0.197 4.1 - 
15 7 PS+A 4.7 3.2 274 31% 0.246 3.3 - 
16 7 PS+A 3.7 1.1 291 25% 0.261 1.7 7 {1} 
17 9 PS+A 3.6 2.0 360 26% 0.244 1.9 - 
18 20 PS+A 4.2 1.1 223 27% 0.278 3.1 10 {1} 
400 mm smooth pipe. ID = 0.38 m 
19 7 PS 4.0 1.0 263 21% 0.227 1.8 - 
20 7 PS 4.1 1.0 294 21% 0.230 0.9 - 
21 3 PS+A 4.2 1.0 292 21% 0.233 4.1 11 {1} 
22 6 PS+A 3.4 1.0 176 25% 0.156 1.4 12 {3} 
23 6 PS+A 3.2 1.0 211 23% 0.164 2.5 - 
24 7 PS+A 3.7 1.0 291 20% 0.221 2.3 13 {1} 
25 9 PS+A 3.6 1.9 360 21% 0.206 2.7 - 
26 20 PS+A 4.2 1.0 223 22% 0.235 3.2 14 {1} 
27 21 PS+A 3.3 2.0 205 21% 0.189 0.8 15 {3} 
28 21 PS+A 3.1 2.0 212 22% 0.174 1.2 16 {3} 
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Results: organic fraction relationships 
As a result of the analysis of bed deposit samples in accumulation tests, organic content 
indicators showed clear relationships between themselves and also with the physical 
parameters. COD and OUR parameters exponentially increased with large volatile content 
values (Figure 5.S2a). Nevertheless, an opposite relationship was obtained for the wet 
density (Figure 5.S2b). 
An exponential trend was also identified between the mean grain size and the volatile 
content, in which the largest particles corresponded to the highest organic sediments (Figure 
5.S2c). Furthermore, the uniformity of the grain size distributions could be assessed from 
the geometric standard deviation, defined as 𝜎 = 𝑑 /𝑑 , where 𝑑  and 𝑑  are the 
diameters of the 16th and 84th particle classes, respectively. Values of 𝜎  that exceed 1.6 are 
evidence of poorly-uniform grain size distributions (García, 2008). In the present study, 
samples with a volatile content below 30% showed a slight increase of the geometric 
standard deviation from 2 to 3.5, in which the 𝜎  stabilized (Figure 5.S2d). Regarding the 
percentage of fine particles below 63 μm, which is commonly used as an aggregating proxy 
for urban drainage impact assessment (DWA-A102, 2016), the average value was shown to 
be roughly 25%. 
 
Figure 5.S2. COD type I and OUR (a), wet density (b), mean grain size (c) and geometric standard 





Results: erosion test conditions 
Table 5.S2. Summary of the erosion test conditions: test number-step; preceding deposition time tp 
(day); flowrate Q (L/s); filling ratio hw/ID (%); initial bed deposit height hs0 (mm); initial mean velocity 
U0 (m/s); friction slope Sf (‰); Froude number F (-); bed hydraulic radius Rb (mm); dimensionless 
particle diameter D* (-); skin friction shear stress τb' (N/m2); bed-load transport qb (g/m/s); bed form 
height Hbed (mm); bed form length Lbed (mm). 
Test # tp Q hw/ID hs0 U0 Sf F Rb D* τb' qb Hbed Lbed 
- (day) (L/s) (%) (mm) (m/s) (‰) - (mm) - (N/m2) (g/m/s) (mm) (mm) 
315 mm corrugated pipe. ID = 0.28 m  
1 3 10.2 57% 13.7 0.301 0.34 0.27 0.091 4.77 0.207 4.82   
2-I 3 9.9 56% 13.0 0.299 0.33 0.27 0.088 4.98 0.196 2.17   
2-II 3 10.3 47% 9.5 0.381 0.60 0.39 0.077 4.69 0.312 5.29 2.5 42.3 
2-III 3 10.2 39% 3.8 0.484 1.13 0.55 0.069 4.69 0.525 2.45   
3-I 7 11.2 58% 28.9 0.345 0.45 0.32 0.078 3.47 0.237 0.82 1.7 32.8 
3-II 7 11.5 50% 26.7 0.426 0.76 0.43 0.069 3.04 0.353 9.57   
3-III 7 11.8 42% 18.6 0.535 1.36 0.60 0.062 2.67 0.572 11.50   
315 mm smooth pipe. ID = 0.30 m  
4 3 12.2 38% 5.2 0.500 1.05 0.55 0.065 2.53 0.464 3.28   
5 3 10.2 54% 18.7 0.278 0.27 0.25 0.092 4.84 0.170 8.98   
6-I 3 9.9 53% 14.5 0.273 0.25 0.25 0.087 3.88 0.150 1.21   
6-II 3 10.3 45% 12.8 0.351 0.50 0.36 0.080 4.88 0.270 6.98 1.4 33.1 
6-III 3 10.2 37% 4.4 0.439 0.89 0.49 0.073 4.88 0.437 2.58   
7 7 11.3 37% 11.8 0.489 1.07 0.55 0.062 2.48 0.450 1.22   
8 7 8.0 34% 4.8 0.378 0.68 0.44 0.062 3.00 0.287 2.41   
9-I 7 11.2 55% 32.6 0.319 0.36 0.30 0.080 3.30 0.197 1.77 1.6 30.4 
9-II 7 11.5 47% 33.3 0.402 0.68 0.41 0.071 3.11 0.328 2.87   
9-III 7 11.8 40% 30.3 0.522 1.37 0.60 0.062 3.04 0.578 17.91   
10 20 10.9 37% 5.5 0.471 0.99 0.53 0.065 2.78 0.431 0.52   
400 mm smooth pipe. ID = 0.38 m  
11 3 11.9 30% 12.2 0.427 0.74 0.48 0.065 1.95 0.326 3.27 1.8 25.8 
12-I 6 11.6 37% 8.4 0.305 0.29 0.30 0.082 2.86 0.163 0.76   
12-II 6 11.8 33% 8.5 0.372 0.50 0.40 0.073 2.46 0.248 0.21 3.0 39.7 
12-III 6 11.8 29% 8.3 0.441 0.81 0.51 0.066 2.46 0.380 4.56   
13 7 10.9 29% 16.1 0.418 0.76 0.49 0.064 2.29 0.328 1.85 4.4 45.6 
14 20 10.9 29% 12.7 0.413 0.74 0.48 0.067 2.82 0.334 0.36 3.7 42.1 
15-I 21 11.8 36% 20.4 0.342 0.42 0.35 0.077 2.99 0.218 0.00 2.1 32.7 
15-II 21 11.9 32% 21.3 0.419 0.74 0.47 0.068 3.10 0.343 2.56   
15-III 21 11.9 28% 18.9 0.501 1.22 0.61 0.061 3.06 0.507 14.02   
16-I 21 11.2 36% 21.0 0.328 0.39 0.34 0.076 2.81 0.201 0.00 2.7 33.5 
16-II 21 11.4 32% 22.2 0.409 0.73 0.46 0.068 3.02 0.336 1.06 1.3 31.5 
16-III 21 11.3 27% 19.8 0.498 1.25 0.61 0.059 2.77 0.498 12.78   
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Results: dimensionless bed forms 
Figure 5.S3 (a and b) shows the average dimensionless height and length of the bed forms 
depending on the Froude number. Slightly greater values can be observed as the Froude 
number increases. Similar bed form relationships were obtained by Banasiak (2008), who 
performed erosion tests with different proportions of kaolinite clay (𝑑  = 0.006 mm) mixed 
with sand (𝑑  = 0.190 mm) to ensure a cohesive behaviour of the mixture. Under cohesive 
conditions, with a clay percentage higher than 6%, dimensionless bed form height and length 
matched with the results obtained in the present study. Conversely, these parameters 
increased steeply in those experiments where non-cohesive mixtures with low clay 
percentages were used. 
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Particulate matter (PM) conveyed with urban stormwater or combined sewage can have 
severe ecological impacts on aquatic ecosystems in case of uncontrolled sewer overflows. 
Although the occurrence and variability of PM concentration in sewers have been studied 
as a lumped parameter to large extends, the understanding of dynamically changing PM 
characteristics, e.g. composition including size distribution, is clearly limited. A clearer 
comprehension of PM composition dynamics would allow a more efficient system control 
and a more reliable impact assessment. This study presents 84 batch experiments, 
conducted to systematically measure the characteristics of different suspended particles 
(sands and plastics) using a multi-frequency acoustic Doppler technique. The results show i) 
a systematic, particle specific dependency between acoustic echo and PM characteristics, ii) 
an additional, varying attenuation due to the air bubble entrainment, which also depends 
on the emitted frequency and the size of the suspended particles. Both findings, jointly 
considered, need to be integrated to characterize suspended particles in real wastewater 
under varying flow conditions. 
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Particulate matter (PM) transported with urban stormwater runoff may have severe 
ecological impacts in receiving water bodies in case of uncontrolled discharges via combined 
sewer overflows or separate stormwater spills. Studying rain-induced variability of size 
distributions of PM is not only relevant because suspended PM itself may considerably affect 
fish and spawn populations (Bilotta et al., 2012), but also because a wide range of emerging 
contaminants show a high, particle-size specific affinity to PM (c.f. Zhao and Li, 2013). 
Furthermore, PM, which is often referred to as total suspended solids (TSS), is increasingly 
used as aggregating proxy for urban drainage impact assessment (e.g., Rossi et al., 2009; 
DWA-A102, 2016). This trend also reflects efforts to integrate the growing number of micro-
pollutants occurring in hardly detectable traces into practical impact assessment schemes. 
Despite the fact that occurrence and variability of SS in sewers have been studied to large 
extends (cf. Metadier and Bertrand-Krajewski, 2011; Lepot et al., 2013), the understanding 
in how solids characteristics change, such as particle size distribution and composition, is 
still very limited. In wastewater treatment, PM concentration dynamics are commonly 
monitored by optical sensor techniques, such as 90° scattered light measurement and UV-
Vis spectrophotometry (Van der Broeke et al., 2006). To some extent, these techniques have 
also been applied for in-situ monitoring in sewers (Bertrand-Krajewski, 2004; Lepot et al. 
2013). Still, optical techniques have two inherent disadvantages: i) they are not suitable to 
monitor particle size variations, and ii) the data quality is often limited through biofilm 
growth (resulting in time-dependent drift phenomena); thus, intense and frequent sensor 
maintenance is indispensable to obtain usable data.  
Multi-frequency acoustic Doppler sensors appear as alternative monitoring technique to 
determine the suspended particle properties during different flow conditions and with 
minimal sensor maintenance. This technique has been successfully used in the past to 
measure three-dimensional turbulent flow in rivers exploiting the effect that the reflected 
acoustic echo changes depending on scatters present in the bulk liquid (e.g., Blanckaert et 
al., 2017).  
Some developments in acoustic sediment characterization were focused on monitoring 
sediment transport processes in estuarine and river environments (Kim and Voulgaris, 2003; 
Betteridge et al., 2008; Hurther et al., 2011). Considering PM characterization in wastewater, 
Pallarès et al. (2011 and 2017) reported pilot-scale studies with real wastewater and artificial 
mixtures to assess the particle size and concentration from acoustic turbidity records. 
Despite these developments, there is still a lack of experimental studies in close to real 






In the following, the theoretical principles of acoustic backscattering are presented. Besides, 
the experimental campaign to approach particles characteristics with the acoustic echo was 
outlined. Systematic pilot-scale experiments were performed in a flume facility with 
different types of particles in pure form (plastic and sand) using multi-frequency acoustic 
Doppler sensors (UB-Flow 315 and UB-Lab, Ubertone, Strasbourg, France). This analysis is 
motivated to infer a quantitative correlation between particle suspended particle 
characteristics (type, size, concentration) and the characteristics of the acoustic echo 
(backscattering, attenuation). Likewise, the effect of air bubble entrainment on the acoustic 
backscattering, which inevitably occur when measuring under real (turbulent) conditions in 
sewers, was also studied. In addition, the results are discussed in the light of our 
experimental approach, and finally conclusions are drawn to enable future applications with 
this monitoring technique for suspended load characterisation in wastewater. 
2 Material and methods 
2.1 Acoustic backscattering – Fundamentals 
The research idea is based on the physically-based hypothesis that the acoustic echo is 
influenced by the frequency of the emitted Doppler signal, and by size, concentration, shape 
and material (i.e. acoustic impedance) of the suspended particles (Figure 6.1a). Assuming 
that the characteristics of the backscattered acoustic signal can be measured as a Turbidity 
Ratio Profile 𝑇(𝑟) depending on the beam distance r, which in turn can be characterized by 
slope 𝑆 and intercept 𝐼 of the linear part of the regression of the logarithmic Turbidity Ratio 
Profile (see Figure 6.1b), relative changes can be quantified for different systematically 
manipulated particle suspensions. 
      
Figure 6.1. Conceptual idea to analyse multi-frequency acoustic Doppler echoes using PM of 
different size and concentration (a) and schematic principle of characterizing the acoustic turbidity 
ratio profile by extracting regression parameters (slope S and intercept I) (b). Figures taken from 
Blumensaat et al. (2017). 
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The acoustic characterization was performed with different transducers, where a high 
frequency is emitted and the backscattering signal is recorded by each transducer. For that, 
the acoustic profiles were recorded with the profilers UB-Flow F315 and UB-Lab (Ubertone, 
Strasbourg, France). On the one hand, the UB-Flow F315 operates with two transducers with 
central frequencies of 1.5 and 3.125 MHz respectively. Both sensors are integrated in one 
single sensor chassis with different angles between the measurement axis and the flow 
direction. On the other hand, the UB-Lab operates with two independent sensors of 6.25 
and 9.375 MHz. Both devices are designed for measuring velocity and acoustic turbidity 
profiles using the pulse-to-pulse coherent Doppler principle and the estimation Pulse-Pair 
method (UBERTONE, 2016). The resulting Acoustic Turbidity Ratio profiles are derived as a 
combination of signal attenuation and backscattering, which can be described as an 
exponential decay equation (Abda et al., 2009): 
𝑇 (𝑟) = 𝛽 , (𝑟)𝑒
∫ , ( )                    (6-1) 
where 𝑇 (𝑟) is the turbidity profile obtained by the backscattered signal at the distance 𝑟 
with a frequency 𝑗, 𝛼 ,  and 𝛽 ,  are the attenuation and the backscatter coefficients 
respectively and they depend on the particle type 𝑝 and the emission frequency 𝑗. The 
particle type 𝑝 is defined by the shape, density and size. The coefficients 𝛼 ,  and 𝛽 ,  can 
be calculated as follows: 
𝛼 , (𝑟) = 𝛼 , , , 𝐶 , , , (𝑟) 
                  (6-2) 
𝛽 , (𝑟) = 𝛽 , , , 𝐶 , , , (𝑟) 
                  (6-3) 
where 𝑖 is the size (class), 𝑝 the geometrical characteristics and acoustic impedance, and 𝐶  
is the volumetric concentration. The volumetric concentration is defined as 𝐶 = 𝐶 /𝜌 , 
where 𝐶  is the mass concentration (TSS) and 𝜌  the particle density. In order to simplify 
Equation 6-1, two assumptions were made: a uniform particle distribution along the beam, 
independently of their size and an identical particle density distribution. Thus, the 
volumetric concentration and the attenuation and backscatter coefficients become 
independent of the distance and Equation 6-1 can be rewritten as: 
𝑇 , (𝑟) = 𝛽 , 𝐶 𝑒 , ,                    (6-4) 
where the 𝛼 ,  and 𝛽 ,  coefficients just depend on the size class 𝑖 and the frequency 𝑗 and 





Applying the natural logarithm (Equation 6-5) the relationship can be defined by two 
parameters: the absolute slope 𝑆 , ,  and the intercept 𝐼 , , . 
ln 𝑇 , (𝑟) = −4 𝛼 , 𝐶 + 𝛼 , 𝑟 + ln 𝛽 , 𝐶                  (6-5) 
ln 𝑇 , (𝑟) = − 𝑆 , , 𝑟 + 𝐼 , ,                    (6-6) 
Both parameters depend on the particle size 𝑖, the emission frequency of the transducer 𝑗 
and the particle volumetric concentration 𝐶 . These relationships are used to obtain the 
attenuation (𝛼 , , 𝛼 , ) and backscatter (𝛽 , ) coefficients for each particle size and 
frequency since the absolute slope and the intercept are dependent on the volumetric 
concentration. 
𝑆 , , = −4 𝛼 , 𝐶 + 𝛼 ,                    (6-7) 
𝐼 , , = ln 𝛽 , 𝐶                      (6-8) 
Therefore, by fixing two of the influencing factors (shape and material), and systematically 
varying the particle size and concentration, different characteristic acoustic echo profiles 
(turbidity ratio) were recorded, resulting in a correlation between the corresponding profile 
parameters (slope and intercept of regression line – see Figure 1b) and the particle 
characteristics. 
2.2 Flume description 
The experimental flume facility is located at the wastewater laboratory of the Eawag 
(Dübendorf, Switzerland). The pilot-scale flume is 3.8 m long with a rectangular cross-section 
of 6 - 10 cm width and 42 cm height (see Figure 6.2). The slope can be varied from 0 to 1.6%, 
allowing different velocities (1.05 m/s maximum) and water depths (6 - 12 cm). Tap water 
was used in the flume to produce well-defined suspensions with different size particles. The 
flume was operated in batch mode, in which the suspension was circulated within the test 
facility and permanently analysed under constant flow-through conditions (4.0 L/s fixed 
discharge rate). The inlet flow was supplied towards a head tank. Afterwards, the flow went 
through the channel and it was discharged to a receiver tank. Inside this discharge tank, a 
stirrer and a centrifugal pump were placed. 
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Figure 6.2. Pilot-scale flume facility at Eawag (Dübendorf, Switzerland). 
2.3 Particle characteristics 
Sand and plastic particles were studied in this experimental campaign. The technically 
produced sand, MILLISIL® quartz flour (Quarzwerke GmbH, Germany), is produced from 
processed silica sand by iron-free grinding with subsequent air separation. The PolyMethyl 
MethAcrylate particles, PMMA spheromers (Microbeads AS, Norway), have two distinct 
characteristics advantageous for this analysis: they are identically spherical and they have a 
lower density than sand so that they can be easily kept in suspension. Both materials were 
inert, particle properties were defined, and they were available in different, narrow-range 
size classes. Therefore, different effects could be observed due to the availability of different 
grain sizes and materials. Table 6.1 summarizes the physical properties of each material used 
for the experiments. 
Table 6.1. Physical properties of the studied materials: density (kg/m3), bulk density (kg/m3), mean 
grain size d50 (µm), geometric standard deviation g = (d84/d16)0.5 where d84 and d16 are the diameters 






Mean grain size 
d50 (µm) 
Geometric standard 
deviation σg (-) 
Millisil W4  2650 1300 26 3.8 
Millisil W6 2650 1200 22 3.6 
Spheromer CA10 1200 600 10 1.4 
Spheromer CA30 1200 600 30 1.3 
Spheromer CA45 (*) 1200 600 45 1.6 
Spheromer CA60 1200 600 60 1.3 





The range of the chosen class sizes were from 10 to 60 µm due to the ecological relevance 
of the particles smaller than 63 µm, and as a reference fraction for exposure patterns of total 
suspended solids in outlets to receiving ecosystems (pollutants, TSS < 63 µm, see DWA-A102, 
2016). Material samples were analyzed to verify the particle size distribution provided in 
technical specifications with a laser diffractometer (Malvern Panalytical Ltd, UK) and 
following the laser diffraction standard ISO 13320:2009 (ISO, 2009). Millisil materials showed 
remarkable differences, regarding the manufacture curves (Figure 6.3a). In this case, the 
laser diffraction analysis underestimated the particle size distribution from manufacturer 
specifications. On the other hand, the analysis of PMMA Spheromers showed a uniform size-
distribution curves and a perfect fit with the mean grain size values given by PMMA 
producers (Figure 6.3b). 
 
Figure 6.3. Grain size distribution curves from Millisil (a) and PMMA Spheromers (b). 
2.4 Experimental setup 
Two approaches were performed to systematically study the influence of MILLISIL and 
PMMA concentration, size, and density on the acoustic echo, and so to obtain the relevant 
parameters from signal interpretation. The acoustic turbidity profiles were recorded with 
the UB-Flow ultrasonic Doppler sensor using an emission frequency of 3.125 MHz and with 
two transducers connected to the UB-Lab with emission frequencies of 6.250 and 9.375 
MHz. 
First batch tests were performed in the receiver tank. This tank was filled with a volume of 
500 L and a constant stirring was applied to keep a homogenous suspension inside. This 
procedure allowed to analyse particle suspensions under stationary, controlled and 
reproducible conditions. For these experiments, the UB-Flow was placed at the bottom of 
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the receiver tank pointing the water surface and the UB-Lab transducers were located in the 
opposite direction, measuring from the water surface to the bottom of the tank (see sensor 
setup in Figure 6.4). 
 
Figure 6.4. Mixing tank set-up: plan view on sensor layout (a) and photo (b). 
In a second type of experiment, the same suspensions were analyzed under dynamic, near-
real in-sewer conditions realized through a constant pumping through the flume. For that, 
the tank was also filled with 500 L of tap water and the flow was continuously pumped to 
the inlet tank. The slope of the flume was fixed to a value of 0.2 % and, after a volumetric 
measurement, the flow was set to 5.1 L/s. Both sensors were implemented directly in the 
flume, being fully submerged during the experiment. The UB-Flow was located downstream 
of the flume and the UB-Lab transducers were 1.6 m from upstream, pointing against the 
flow direction (see Figure 6.5). Contrary to the mixing tank experiments, air bubbling 
entrainment was produced due to the tap water discharge in the inlet tank, and thus the air 






Figure 6.5. Flume batch tests set-up: scheme (a) and picture (b). 
MILLISIL and PMMA spheromers were tested for different mass concentrations in both 
setups. The particle concentration was increased by adding progressively a fixed mass in the 
receiver tank in order to favor a faster mixture. The range of theoretical concentrations for 
each experiment was [0-1200] mg/L. After adding each mass concentration, a fixed stirring 
period of 10 minutes was applied to ensure perfectly mixed conditions. Afterwards, UB-Flow 
and UB-Lab devices started measuring the acoustic turbidity for each mass concentration 
during 10 minutes. Test configurations are summarized in Table 6.2. 
Table 6.2. Summary of test configurations: experimental setup, material, central frequency (MHz), 




















100; 200; 400; 600; 
800; 1000; 1200 10 - 60 84 Flume batch 
tests 
 
During the measuring period, a manual sample of 50 mL was subtracted from the receiver 
tank to check the particle concentration and grain size class. Thus, we could verify the in-situ 
particle concentration in the suspension and compare it with the theoretically calculated 
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concentration. Furthermore, an UV-Vis spectrometer (Scan GmbH, Austria) and an optical 
90° low-power turbidity sensor (Libelium, Spain) were used to continuously monitor 
equivalent TSS concentrations TSSeq (mg/L) and turbidity (NTU), respectively, to verify the 
mass balances during the experiments (results not shown). 
The water temperature was also recorded because it affects to the acoustic propagation 
velocity and the water absorption coefficient. The temperature of the tank set-up was 
constant during each test, roughly 15.5°C for all experiments. This corresponds to a sound 
velocity of 1468 m/s following the Wong and Zhu (1995). For the batch set-up, the 
temperature increased from 15.5°C to 20°C during each test, which corresponded to a 
difference of 1.1 % in the sound velocity. 
3 Results 
3.1 Turbidity Ratio profiles 
Following the dependency defined in Equation 6-3, the turbidity ratio profiles were affected 
by both, concentration and particle size. In order to quantify this dependency, the slope and 
intercept of the Logarithmic Turbidity Ratio Profiles (LTRP) were studied for the different 
concentrations and particle size classes (see supplementary information). Each plot in 
Supplementary Information figures represents a recording with different emission 
frequencies. The analysis of the LRTP for each transducer was performed separately due to 
the different setup of the emission beam.  
The slope of the LTRP reflect the acoustic attenuation. According to the acoustic turbidity 
model, a linear trend should be obtained between the slope of the LTRP and the volumetric 
concentration (𝐶 ). Assuming this linear dependency, different gradients of the slope 
coefficients were recorded as a function of the particle size class (𝑖) and the emission 
frequency (𝑗).  
Mixing tank batch tests showed the increase of the slope of the LTRP as the size class and 
the emission frequency increased (left column in Figure 6.6). As expected, higher slope 
values were obtained from the highest size class (60 µm), the highest emission frequency 
(9.375 MHz) and the highest mass concentration (1 mL/L). The opposite tendency was 
observed for the Flume batch experiments (right column in Figure 6.6). Small size classes 
produced the highest slope values. Besides, this procedure revealed higher slope values than 
Mixing tank batch setup, except for the 60 µm size class particles that showed a similar 






Figure 6.6. Slope coefficients for different particles and frequencies depending on the Mixing tank 
and Flume set-up. Note that concentrations are expressed in volumetric units (Cv = Cm/ρs). 
On the other hand, the intercept of the LTRP represents the acoustic backscatter response. 
Theoretically, the exponent of the intercept is described by a straight line crossing the 
coordinate origin. Figure 6.7 shows the relationship between the intercept coefficient and 
the volumetric concentration, depending on the particle size class (𝑖) and the emission 
frequency (𝑗). Significant differences are observed between both procedures. The intercept 
coefficients obtained in Flume batch tests are, at least, one order of magnitude larger than 
those derived from Mixing tank batch tests. In addition, opposite trends are also obtained 
regarding the particle sizes, as reported for slope coefficients. Furthermore, the acoustic 
response of MILLISIL particles seems to be close to the PMMA 45 µm and 60 µm fractions 
although they present lower grain sizes. Nevertheless, a decrease of the intercept values is 
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observed for the largest MILLISIL suspensions. The settling of MILLISIL particles in some parts 
of the flume due to the higher density can be the explanation of the intercepts decrease. 
 
Figure 6.7. Intercept coefficients for different particles and frequencies depending on the Mixing 
tank and Flume procedure. Note that concentrations are expressed in volumetric units (Cv = Cm/ρs). 
3.2 Estimation of acoustic attenuation and backscatter coefficients 
The acoustic turbidity ratio attenuation and backscatter coefficients can be determined from 
the regression lines of the absolute slope and intercept coefficients versus the volumetric 
concentration. These coefficients are obtained for each particle size and ultrasound 





The acoustic attenuation depends on the attenuation coefficient due to the water (𝛼 , ) and 
to the particles (𝛼 , ). The water attenuation coefficient is obtained from the intercept of the 
regression lines of the absolute slope for each ultrasound frequency (𝑗). This coefficient can 
be obtained as a function of the emission frequency and the water temperature according 
to Fischer and Simmons (1977) equation, which was proposed after interpolating results 
from several works in submarine acoustics: 
𝛼 , = (55.9 − 2.37 · 𝑇 + 4.77 · 𝑇 − 3.48 · 10 · 𝑇 ) · 10 · 𝑓               (6-9) 
where T is the temperature in (ºC) and f is the emission frequency (Hz). Figure 6.8 contains 
the average value of the water attenuation coefficients for each emission frequency (αw,j) 
and setup and the comparison with the Fischer and Simmons (1977) equation. Water 
attenuation coefficients are similar for the 3.125 MHz emission frequency and differ for the 
6.25 and 9.375 MHz. Besides, the theoretical approach underestimates the value of the 
water absorption coefficient for the highest frequencies. Finally, the water attenuation was 
slightly higher in the Flume batch tests than in the Mixing tank batch tests, which may be 
due to a difference in the discharge dynamics. 
 
Figure 6.8. Comparison of averaged water attenuation coefficients for each emission frequency and 
set-up. 
The attenuation and backscatter coefficients caused by suspended particles (𝛼 ,  and 𝛽 , ) 
are derived from the gradient of the absolute slope and intercept values respectively, 
regarding the suspension volumetric concentration. These coefficients are plotted for each 
frequency and size class for PMMA particles in Figure 6.9. Opposite trends of the particle 
attenuation and backscatter coefficients are observed with increasing particle sizes 
depending on the experimental procedure. A potential explanation for this inconsistency 





























Fischer and Simmons (1977)
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Figure 6.9. Particle attenuation (top) and backscatter (bottom) coefficients for different size classes 
of PMMA particles and frequencies depending on the procedure (left: flume; right: tank). 
According to previous studies, average 𝛼 ,  coefficients obtained from PMMA particles at 
6.250 and 9.375 MHz roughly agree with those reported by Pallàres et al. (2011) for 
surrogate mixtures and emission frequencies higher than 6 MHz (Table 6.3). Regarding the 
sand particles, particle attenuation coefficients obtained in Mixing tank batch tests are 
slightly larger than references, while values from Flume batch test are substantially lower. 
On the other hand, backscattering coefficients obtained from PMMA and MILLISIL 
suspensions are in the same range. However, they show important differences depending 
on the experimental procedure and, besides, are significantly larger than reference values 









Table 6.3. Comparison between acoustic coefficients for sand and plastic suspensions in Mixing tank 
and Flume batch tests and reference values: particle density (kg/m3), particle diameter (μm), 
emission frequency (MHz) and attenuation and backscatter coefficients (αi,j and βi,j) averaged for 










Mixing tank batch tests 
MILLISIL 2650 22-26 6.3-9.4 0.75-1.31 64.0-142.2 
PMMA 1200 10-60 6.3-9.4 0.40-2.31 1.3-153.5 
Flume batch tests 
MILLISIL 2650 22-26 6.3-9.4 0.03-0.09 262.3-621.4 
PMMA 1200 10-60 6.3-9.4 0.77-4.94 235.3-2036.5 
References (Pallarès et al., 2011) 
Sand 2600 180-540 6.0-11.7 0.32 0.28 
Artificial mixtures 1200 6-126 6.0-11.7 0.81-1.14 0.08-0.27 
 
3.3 Effects of air bubble entrainment 
This section compares contradicting results obtained with PMMA particles under Mixing 
tank and Flume batch conditions. As stated in the previous section, the acoustic turbidity 
parameters showed larger values for smaller PMMA particles in the Flume batch tests and, 
conversely, this was reversed in the tank tests (higher attenuation/backscattering for larger 
PMMA sizes). This inconsistency in the parameters can be related to the presence of air 
bubbles in the Flume batch tests. The pumping system discharged water in the inlet 
chamber, providing air entrainment to the flow. These air bubbles were attached to smaller 
PMMA particles 
The dependence on the backscattering parameters due to the presence of air bubbles is 
shown in the comparison between Mixing tank and Flume batch tests for PMMA particles in 
Figure 6.10 for the 9.375 MHz ultrasound emission frequency. Similar trends were obtained 
for 3.125 MHz and 6.250 MHz (not shown here). Both parameters, slope and intercept, show 
larger values in the Flume batch tests. The slope relationships between procedures are 
linear, showing higher gradient with decreasing particle size diameter. In addition, the 
relationship between intercepts present a gradient close to unity independent of particle 
size, and an offset which grows with decreasing particle size. PMMA 60-µm particles show 
pretty similar coefficients in both procedures. Therefore, the effect of air bubbles is 
presumably neglected for coarser particles. 
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Figure 6.10. Comparison of attenuation (slope S) (a) and backscattering (Intercept I) (b) values 
determined at emission frequency f0 of 9.375 MHz with increasing volumetric concentration Cv. 
Coloured dots indicate particle size fractions (in μm). 
4 Discussion 
The objective of the series of experiments was to show the dependency of the acoustic 
parameters with the volumetric concentration, the size class, the emission frequency, the 
particle type and the experimental procedure. The results showed a linear regression 
between the acoustic parameters (slope and intercept) and the volumetric concentration, 
mainly in the experiments carried out with PMMA particles. In the case of MILLISIL particles, 
however, the acoustic response decreased for the highest concentrations. The particle 
settling in the bottom of the flume due to their higher density could be the reason of that 
non-linear relationship. PMMA spheromers (1200 kg/m3) are lighter than the MILLISIL sands 
(2650 kg/m3), so they were easy to keep in suspension in both procedures.  
Opposite relationships were observed between the acoustic parameters and the grain size 
depending on the test procedure (see Figure 6.6 and Figure 6.7). Results from Mixing tank 
batch tests showed that the attenuation and backscatter coefficients increased with higher 
particle sizes, following the theoretical model. Conversely, the acoustic parameters 
decreased as the particle size increased in the Flume test procedure. In addition, the 
attenuation and backscatter coefficients were significantly higher in the Flume tests, except 
for the PMMA CA60 fraction, which showed similar values in both procedures.  
The air intrusion caused by the pumping system discharge might explain the inconsistency 
in the results. The presence of air bubbles interfered with the acoustic measurements. They 
introduced a different grain size, concentration and impedance in the backscattered signal. 
In the Mixing tank experiments, there were no air bubbles because only the stirrer was 





in the inlet tank and another in the receiver tank. These discharges caused the entrainment 
of air particles in the flow and, consequently, variations in the acoustic measurements 
between the Mixing tank and the Flume batch procedures.  
The acoustic parameters were also affected by the emission frequency. The frequencies 
6.250 and 9.375 MHz showed larger attenuation and backscatter coefficients than the 
frequency 3.125 MHz. Furthermore, the highest coefficients were obtained with the 9.375 
MHz transducer with some exceptions such as the backscatter coefficient for the Flume 
batch procedure, where the highest response was obtained with the 6.25 MHz transducer. 
This relationship follows the theory of the rigid spheres, in which the backscattering 
sensitivity increases when higher emission frequencies are utilized to record smaller 
particles (Ibric, 2015). 
Overall, the results show that the acoustic turbidity follows a systematic relationship 
between the acoustic backscattering and the suspended particle concentration and grain 
size. However, the main limitation of this technique remains in the different backscattering 
coefficients obtained from different transducer frequencies, particle classes and 
experimental procedures. This outcome suggests that different calibration curves need to 
be determined for each individual case without a general calibration model. In case of close-
to-real conditions, the effect of bubble entrainment introduces an additional variable in the 
backscattering profile model. In drainage systems, high bubble concentrations can be 
expected during rainfall episodes. Thus, future steps should be focused on the 
decomposition of the backscattering signal through the characterization of the suspended 
air bubbles. For this purpose, visualization-based techniques, such as Bubble Image 
Velocimetry (BIV), can be followed. This technique identifies bubbles from images in high-
frequency videos and allows the measurement of velocity fields in two-phase water-air 
flows, e.g. hydraulic jumps (García et al., 2018).  Furthermore, conductivity and fibre optic 
probes can also be implemented to measure the difference in the resistivity between water 
and air phases and, therefore, calculate the concentration of bubbles (Ortega et al., 2019). 
The application of these technologies will improve the estimation of the air entrainment. 
After subtracting the air bubble suspension from the backscattering signal, the fluctuations 
in the acoustic coefficients will solely depend on the particle properties. Therefore, more 
extensive experimental campaigns should be performed under different two-phase flow 
conditions and, additionally, considering a wider range of particle grain sizes with non-
uniform particle distributions and the presence of the organic matter in order to approach 
real wastewater and stormwater conditions. 
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An experimental campaign was performed to differentiate the particle characteristics (size 
class and concentration) of different materials through interpretation of the backscattering 
signal of acoustic Doppler devices. Two experimental procedures were performed: on the 
one hand, particle characteristics were recorded in a Flume facility in close to real conditions 
and, on the other hand, a Mixing tank was used to perform ideal suspension conditions. The 
materials used were sands (MILLISIL®) due to their presence in wastewater during 
stormwater events and plastic particles (PMMA) because of their lower density. Besides, the 
emission frequencies tested were 3.125, 6.250 and 9.375 MHz. 
Under both test conditions, the backscattering signal obtained from the acoustic Doppler 
transducers increased with increasing the particle concentration in suspension. This 
correlation defines the attenuation and backscatter coefficients of the theoretical acoustic 
turbidity ratio model. Both coefficients are calculated for each size class and each emission 
frequency. Marginal differences in the backscattering signal were obtained with an emission 
frequency of 3.125 MHz in both experimental procedures. However, the 6.250 and 9.375 
MHz transducers present a higher sensitivity to detect smaller particles lower than 63 µm. 
Higher gradients of the acoustic backscattering profiles were obtained applying the higher 
frequencies. These finer fractions have an important ecological relevance due to the 
pollution attached. 
In the Mixing tank batch tests, the backscattering signal increased with the increasing of the 
particle size class, while in the Flume batch tests the opposite trend was obtained. This 
inconsistency seems to be due to the bubble entrainment caused by the recirculation 
system. As it was stated in the results section, the comparison between the acoustic 
parameters in both procedures (gradient and offset of the slopes and intercepts) increased 
with decreasing the particle size class. Nevertheless, the bubble entrainment effect was 
almost negligible for particles of 60 µm and, therefore, higher particles should perform the 
same behaviour.  
In summary, the response of the acoustic Doppler signal is clearly influenced by the particle 
size and concentration of the scatters. However, according to our test results, the acoustic 
spectrum (acoustic response depending on f0) could not directly be related to particle 
characteristics as expected based on theory. Thus, a systematic decomposition of the 
acoustic spectrum would be required. Further research should focus on the relevance of 
acoustic turbidity due to air bubbles (clear-water attenuation), the analysis of different 
synthetic material (i.e. polyamide) and higher grain sizes (> 63 µm), and a repeated analysis 
with a wider range of, in particular at higher, emission frequencies. Joint efforts on a 





required to allow generic conclusions for measurements in sewers under high-mixing 
conditions and beyond. 
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Figure 6.S1. Result matrix of the Mixing Tank Batch Tests with PMMA particles: Turbidity ratio 







Figure 6.S2. Result matrix of the Flume Batch Tests with PMMA particles.: Turbidity ratio profiles 
are plotted for different emission frequencies, mass concentrations and particle sizes. 
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Figure 6.S3. Result matrix of the Mixing Tank (top) and Flume Batch Tests (bottom) with MILLISIL 
particles: Turbidity ratio profiles are plotted for different emission frequencies, mass 
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Transport, accumulation, disintegration and resuspension of gross solids (GSs) is one of the 
significant process that occurs in sewers. In order to analyse the behaviour and transport of 
GSs a series of tests with artificial GSs have been carried out in an experimental flume facility 
fed with wastewater. Circular and an egg-shaped cross section pipes of 400 mm diameter 
with and without a bed sediment were considered for the experiments. Different flow 
velocities and water depths were combined to achieve a representative variety of 
wastewater flow conditions. The obtained results present a linear relationship of the GS 
velocities with flow velocities like in previous works in sewer pipes without sediment beds. 
In the tests with a deposited sediment bed in the pipe invert, the behaviour of the GS 
depends on its orientation with the main flow velocity, highlighting the effect of the bed 
sediments in the mobilization of the GSs.

 




The transport, accumulation, disintegration and resuspension of gross solids (GSs) is a 
significant process that occurs in combined and separate foul sewers. GSs are solids with a 
specific gravity between 0.9 – 1.2 and dimensions greater than 6 mm in any of their two 
main directions (Butler et al., 2003; Penn et al., 2018a). GS are mainly originated from 
wastewater discharges from WC and consists on human faeces, sanitary wipes or female 
sanitary products. The presence of GSs in urban sewers can affect to the correct operation 
of the sewerage system. For instance, GS can cause deposition and blockages in the pipes, 
affections to the operation of the wastewater treatment plant (Sidwick, 1984) and 
eventually can produce aesthetic impacts if they are release to aquatic media via Combined 
Sewer Overflows (Butler et al., 2003).  
Sewer blockage problem is more relevant in pipes with a small diameter due to the GSs 
intermittent transport, moving when received a wastewater pulse and depositing until the 
next pulse arrives (Walski et al., 2011). GSs are common in the upper parts of the sewer 
system whereas at lower stretches GSs tend to be disintegrating and other solids like plastics 
and sanitary tissues usually appear (Evans and Eadon, 2005). Additionally, GSs can affect to 
wastewater treatment plants and pumping stations due to the obstruction of their entrance 
screens (Penn et al., 2018b). 
GSs behaviour depends on the flow conditions in the sewers. Thus, usually in small pipes GS 
movement is intermittent rather than continuous, due to the random discharges from 
domestic WC. In larger pipes, the variation of the daily flow rate is more gradual than in 
small pipes and the pipe hydraulics corresponds to cuasi-steady conditions (Butler et al., 
2003). 
The modelling of GSs transport in circular pipes has been studied by different authors using 
different approaches. Littlewood et al. (2003) studied the movement of gross solids in a 
circular pipe in intermittent flow with small diameters (≤ 150 mm) and presented a qualitive 
description of the GS movement. Butler et al. (2003) studied this phenomenon in a 300 mm 
diameter PVC pipe under continuous flow in a plastic smooth and sand coated pipe. These 
authors propose and empirical linear relationship between GSs and flow velocity valid for 
steady (non-intermittent) flow conditions. Walski et al. (2011) presented an experimental 
study performed on a 150 mm pipe and develop a deterministic model of large solids 
movement based on tractive forces concepts. The model proposed by Walski et al. (2011) 
was developed for unsteady flow conditions and resulted in power approach to model GS 
velocity as a function of sewer slope, GS specific gravity and flow discharge and velocity. 





formed by 450 mm pipes diameter under a daily dry weather flow pattern. Linear and power 
approaches were analysed and also a simplified power approached was proposed.  
Another phenomenon that affect the advection of the GS is related with its disintegration. 
During the GS transport, some solids change their shape due to degradation and contact 
with other substances or the pipe walls in the sewer system (Buttler et al., 2003). Penn et al. 
(2019) presented a stochastic model quantifying physical disintegration of faeces that can 
be integrated in existing sewer models for predicting GS movement, disposition and 
disintegration in sewers. In addition to their methodological approach, maybe the main 
novelty of this work was the use of synthetic faeces to represent the disintegration of GS 
more accurately (Penn et al., 2018b). 
In this work a series of tests with artificial GSs have been carried out in an experimental 
flume facility with wastewater in continuous flow conditions. A circular and an egg-shaped 
pipe with and without a sediment bed were considered in the experiment design. Egg-
shaped pipes have important hydraulic advantages respect circular pipes in dry weather 
flows due to their geometrical shape which contributes to a reduction in sediment 
deposition. Nevertheless, due to the smaller diameter of the pipe invert blockages problems 
may arise and the determination of the threshold velocity for GS transport in this kind of 
sewer pipes is a relevant issue.  
The main novelty of the experiments performed are related with the analysis of the 
movement of the GS in egg-shaped pipes and the interaction of sewer sediments beds on 
the GSs movement behaviour. From the authors knowledge, no previous experiments of GS 
transport has been developed in egg-shaped pipes and there are few studies that considerer 
the impact of a sediment bed on the GS transport. 
2 Material and methods 
2.1 Experimental setup 
The experiments of GS transport and deposition were carried out in an experimental flume 
located at the wastewater treatment plant (WWTP) of A Coruña (Spain). The main features 
of the flume platform were previously described by Regueiro-Picallo et al. (2017, 2018). In 
the GS experiments two different pipes of about 7.25 m length were installed on the flume 
(Figure 7.1a). The channel was configured with two parallel conduits (Figure 7.1b): a circular 
smooth PVC pipe with outer diameter of 400 mm and an its equivalent egg-shaped cross 
section pipe (472 mm height, 315 and 157 mm upper and lower diameter, respectively). The 
longitudinal slope of the pipes was 0.2%.  
 
Gross solids transport in circular an egg-shaped sewer pipes 
 
161 
The inlet flow discharge was measured by an ultrasonic flowmeter set up on the wastewater 
supply pipeline. To measure the water depth a set of 10 ultrasonic sensors were installed on 
pipes openings created on the top of the conduits along the platform uniformly. Two large 
central viewing windows were used to determine the sediment accumulation by means of 
Structure from Motion (SfM) photogrammetric technique described by Regueiro-Picallo et 
al. (2018). 
 
Figure 7.1. Picture of the WWTP flume facility (a) and pipe configuration in the tests (b). 
To generate the different hydraulic conditions of the tests, four flow discharges of 2, 3, 4 
and 5 L/s and four downstream boundary conditions on the pipes were combined to achieve 
a representative variety of wastewater flow velocities and depths. All the experiments were 
carried out under continuous steady flow conditions. Regarding the spatial flow uniformity 
along the pipes, as different downstream boundary conditions were imposed, gradually 
varied flow conditions are developed along the pipes. To determine the averaged flow 
velocity on the pipes the averaged depth from the ultrasonic transducers placed in each pipe 
were used. Due to the reduced flow non-uniformity, water depth variation along the pipes 
was very small, with differences between upstream and downstream depth records ranging 
roughly from 0.2 to 2 cm.  
Previous laboratory works on the analysis of flow steadiness have reported that the 
relationship between the mean water velocity and the average velocity of GS can be 
assumed to be the same for steady and gradually varied flow conditions (see the literature 
review reported in Butler et al., 2003). Due to steady flow conditions achieved in the tests 
and their small spatial flow non-uniformity we can assume that the proposed empirical 
equations developed in previous works for analysing GS movement behaviour are still valid 
for our setup. 
To perform the tests artificial normalized GSs were made using a 3D printer (see Figure 7.2a). 
The shape of the GS followed the National Bureau of Standard artificial faecal solid according 
(Butler et al., 2003; Penn et al., 2018a). The GS had a cylindrical shape with a specific gravity 






Figure 7.2. Gross solids 3D printing (a) and set of normalized gross solids used (b). 
Two different subset of experiments were performed in the flume. In the first set of 
experiments the GS movement was tested in the circular and the egg-shaped pipes without 
sediment bed. A total number of 16 configurations (wastewater velocities) were analysed 
for each pipe varying flow velocity and water depth conditions (Table 7.1). Each GS was 
introduced into the pipe upstream and were placed by hand on the water surface and then 
was picked up downstream measuring the travel time through the pipe. GSs were deployed 
in the flow using two different orientations, longitudinal and transverse to main flow 
direction (see Figure 7.3). If the cylinder axis was placed parallel to main flow direction the 
release is called longitudinal and is denoted with (o) in the text and figures.  If the cylinder 
axis was placed orthogonally the transverse release is denoted with (-). In order to have an 
accurate travel time measurement five replications for each configuration were taken and 
therefore the average travel time was used for estimating the GS velocity. 
Table 7.1. Mean wastewater flow and averaged pipe depths (mm)  standard deviation conditions 
during the experiments without sediment bed. 
Flow Depth 1 (mm) Depth 2 (mm) Depth 3 (mm) Depth 4 (mm) 
(L/s) Circular Egg-Shp Circular Egg-Shp Circular Egg-Shp Circular Egg-Shp 
2 74  3 79  3 58  2 66  2 48  1 60  2 44  8 59  1 
3 84  3 90  3 67  2 76  2 56  1 72  1 51  9 70  1 
4 93  3 100  3 75  3 86  2 64  3 81  2 57  10 79  1 
5 99  3 107  2 84  2 97  1 73  1 92  1 64  10 89  1 
 
 




Figure 7.3. Gross solids transport in circular pipe with initial longitudinal (a) and transversal release 
(b). 
Once the experiments without sediment bed were finished, a one-week accumulation 
process was started to achieve the formation of a sediment bed on both pipes resulting in a 
22 mm height bed in the circular pipe. The egg-shaped pipe presented no bed sediments 
and therefore no GS tests were performed with this configuration. In this set of tests, a total 
number of 13 flow conditions (flow velocities) were analysed (Table 7.2). The experiments 
with sediment bed followed the same methodology than without sediment. Five travel time 
measurement replications were carried out for the longitudinal release cases (o). For the 
transversal release modes (-), a mean of three replications were carried out with the aim to 
preserve sediment bed during the experiment. 
Table 7.2. Mean wastewater flow and averaged pipe depths (mm)  standard deviation conditions 
during the experiments with sediment bed in the circular pipe. 
Flow Depth 1 Depth 2 Depth 3 Depth 4 
(L/s) (mm) (mm) (mm) (mm) 
2 72  4 57  4 54  9 49  1 
3 84  4 73  2 62  1 NA 
4 91  4 83  4 63  1 NA 
5 98  4 82  3 68  2 NA 
 
2.2 Gross Solids modelling 
In this research linear and power approaches to model GS transport have been analysed. GS 
disintegration is not considered due to the constitution of the artificial GS.   
Schütze el al. (2000) and Butler et al. (2003) defined a linear relationship (Equation 7-1) 
between waste water flow velocity, 𝑈  (m/s), and GS velocity, 𝑈  (m/s), with 𝛼 and 𝛽 
values of 1.27 and -0.23, respectively, for the normalized GS. 





Walski et al. (2011) defined a flow threshold, named 𝑄  (Equation 7-2), that when the flow 
in the pipe, 𝑄, do not exceed the GS has not movement. 
𝑄 = 𝑎 · SG 𝑆 .⁄                      (7-2) 
where 𝑎 = 0.25, 𝑆𝐺 is the specific gravity of the GS and 𝑆 (%) is the longitudinal slope of the 
pipe. 
Then, if 𝑄 ≥ 𝑄  the GS moves and its velocity has a power relationship regarding the 
wastewater flow (Equation 7-3). 
𝑈 = 1.95 · 𝑆𝐺 . · 𝑆 . · 𝑄 . · 𝑈                   (7-3) 
This model was revised by Penn et al. (2018a) proposing an alternative power relationship 
between the 𝑈  and 𝑈  (Equation 7-4). The model defined a threshold critical velocity, 
𝑈 , and a critical proportional depth, (ℎ 𝐷⁄ ) , in which the GS had not velocity. 
𝑈 = 𝛼 · 𝑈 + 𝛽                  (7-4a) 
𝑈 = 0 ; if 𝑈 < 𝑈  OR <                 (7-4b) 
𝑈 = 𝛼 · 𝑈  ; if 𝑈 ≥ 𝑈  AND ≥                (7-4c) 
Where 𝛾 is the exponential parameter of the model, ℎ is the flow depth and 𝐷 is the pipe 
diameter. 
3 Results 
The results of the experiments will be presented by comparing the GS behaviour in the 
different pipes considering the absence or the presence of sediments in the conduit inverts. 
Sediments were not accumulated in the egg-shaped pipe, thus the results regarding 
sediment beds are only related with circular pipes. 
3.1 GS transport in circular and egg-shaped pipes without sediment bed 
Regarding the behaviour of GS transport in both circular and egg-shaped pipes without 
sediment beds we have to notice that their initial release orientation does not affect to the 
travel time of the GS within the pipes because the GSs always travel with their main axis 
parallel to the flow direction (Figure 7.3a). On the one hand, when the GSs were deployed 
longitudinally (o) their maintained this orientation during transport through the pipes. On 
the other hand, if the GSs were placed in transverse direction (-), they were quickly rotated 
by the flow to the longitudinal transport position.  
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Once discarded the influence of GS initial release on their motion, the validation of the 
empirical linear model proposed by Butler et al. (2003) has been analysed in Figure 7.4a. The 
results of the experiments without sediment bed show a linear approach for circular and 
egg-shaped pipes between wastewater velocity, 𝑈  (m/s), and GS velocity, 𝑈  (m/s), 
respectively. In Figure 7.4 (a and b), the average of the five measurement replications of GSs 
velocity was presented with the error bars showing its standard deviation. The average of 
the standard deviation of all the 𝑈  measurements for circular and egg-shaped pipe was 
0.009 m/s and 0.006 m/s, respectively. 
 
Figure 7.4. Linear (a) and power (b) relationships between wastewater velocity, Uww (m/s), and GS 
velocity, UGS (m/s) for circular and egg-shaped pipes without sediment bed. 
In our experiments, the values of the parameters 𝛼 and 𝛽 for the egg-shaped pipe are 1.30 
and - 0.17, respectively (R2=0.94), whereas the circular pipe parameters are 1.12 and - 0.14, 
respectively (R2=0.83). Results are thus in good agreement with the range found in Schütze 
el al. (2000), Butler et al. (2003) and Penn et al. (2018a) formulations. The obtained 
threshold velocity for GS movement in circular and egg-shaped pipes is 0.12 and 0.13 m/s 
respectively, so no significant differences between both pipes in GS behaviour can be 
determined. The range of the threshold velocity is similar to the value reported by Penn et 
al. (2018a), 0.11 m/s, and a little smaller than the value reported by Butler et al. (2003), 0.18 
m/s. 
In addition, the goodness of fit of the experimental results with power approach proposed 
by Penn et al. (2018a) has also been analysed in Figure 7.4b. Regarding the egg-shape pipe, 
parameters 𝛼, 𝛽 and 𝛾 value are 2.55, 0.21 and -1.76, respectively (R2=0.94), whereas the 
circular pipe value parameters are 1.11, 0.92 and -0.17, respectively (R2=0.86). The obtained 
values are not similar to the fitted parameters by Penn et al. (2018a), probably due to the 





3.2 GS transport in circular pipe with sediment bed 
In the circular pipe the GS transport behaviour was affected by both the presence of the 
sediment bed and the orientation of the GS on their release upstream of the conduit. As 
stated previously, two different initial orientations have been considered in the tests: 
longitudinal (o) and transversal (-) GS release. Contrary to previous tests without sediments 
deposits in the pipe invert, the GS reached the downstream section both in longitudinal or 
transversal direction to the pipe axis. Hence, when the GS was released longitudinally (o) it 
reached the downstream section of the pipe orthogonal (o/-) or parallel (o/o) to main pipe 
direction. When the GS was released upstream transversal to the main flow direction, it 
always reached downstream section with the same orientation (-/-). 
Figure 7.5 presents the linear relationship founded between GS velocity and mean 
wastewater flow velocity with the presence of sediments in the circular pipe depending on 
its transport mode along the pipe. In most of the configurations tested with a deposited 
sediment bed the GS were transported by rolling on the cylinder shaft and the measured 
velocities present a slighter large dispersion than in the conventional longitudinal transport. 
This is due to the fact that with lower depths, the GS contact with the pipe and the deposited 
bed in a random and erratic way, especially when the solid moves longitudinally. 
When the GS is released transversally (-/- tests in Figure 7.5) the values 𝛼 and 𝛽 parameters 
of the linear relationship between 𝑈  (m/s) and 𝑈  (m/s) were 0.91 and -0.02, 
respectively (R2=0.89). When de the GS is introduced longitudinally in the flow, in most of 
the tests (about 70%) it changed its orientation in few seconds for travel in a transversal 
orientation (o/- tests in Figure 7.5). The parameters obtained for the linear model were 1.00 
and -0.05, respectively (R2=0.87). Finally, in a few tests the GS maintained its longitudinal 
orientation during the whole transport process in the circular pipe (o/o tests in Figure 7.5). 
This is the worst case for GS transport in pipes with sediments bed. The fitted parameters 𝛼 
and 𝛽 were 0.58 and -0.07 respectively (R2=0.69). 
 




Figure 7.5. Linear relationships between wastewater velocity, Uww (m/s), and GS velocity, UGS (m/s) 
for circular pipes with sediment bed regarding the gross solid orientation. 
The threshold velocity when the solids rolls in a transversal direction with respect to the flow 
direction occurred lower wastewater velocity than when the GS is transported 
longitudinally. In the first case, wastewater threshold velocity ranges between 0.02 and 0.05 
m/s for (-/-) and (o/-) transport modes. For longitudinal transport in the whole pipe, the 
obtained threshold velocity with the linear model is 0.12 m/s. The differences can be 
attributed with the travel mode of the GS. 
4 Discussion 
In the previous sections we have presented the results from a series of GS transport 
experiments performed with two different pipe sections under cleaned bed conditions and 
with a sediment bed in the circular pipe. Table 7.3 presents a summary of the parameters 
obtained using the linear model to characterize GS velocity in terms of flow velocity. The 
information contained in the linear model approach is directly related with the ratio 
between wastewater and GS velocity (slope) and the gross solid velocity when the 
wastewater velocity is zero (intercept). The determination of the minimum wastewater 
velocity to avoid GS deposition from 𝛼 and 𝛽 is straightforward. 
The results show that the ratio between the normalized GS and the wastewater velocities 
are in relatively good agreement with the models presented in the literature. Generally, the 
solids have a velocity large than mean flow velocity. In the sediments bed experiments GS 
travels with a velocity less than wastewater velocity, by the interaction and contact with the 















shaped Clean Sediment bed 
(o/o) (-/-) (o/-) (o/o) (o/o) 
𝛼 1.12 0.91 1.00 0.58 1.30 1.27 1.01 
𝛽 -0.14 -0.02 -0.05 -0.07 -0.17 -0.23 0.11 
Threshold 
𝑈  (m/s) 
0.12 0.02 0.05 0.12 0.13 0.18 0.11 
 
In the tests without sediment bed the threshold velocity for solids motions for circular pipes 
and egg-shaped pipes is roughly 0.12 m/s. In these experiments, GSs are always transported 
with its longitudinal axis parallel to the flow direction along the pipe (denoted as o/o). In the 
tests performed in the circular pipe with deposited sediments, the threshold velocity of the 
solid is similar when it is transported with this orientation (o/o). If the solid is transported 
with its axis perpendicular to the main flow direction (experiments -/- and o/-), the threshold 
velocity is reduced to a value ranging between 0.02 and 0.05 m/s. This increase in the 
transport capacity of the GS is related with its transport mode, mainly by rolling over the 
bed structure and by the effect of larger drag forces acting over the GS due to the higher 
exposed area to the flow. 
Hence, the presence of sediment beds in the pipes may help to the transport of GS. Figure 
7.6 show a comparison between the results obtained in the test with and without sediment 
bed in the circular pipe. The influence of the release mode of the GS in its transport 
behaviour for (-/-) and (o/-) experiments has been aggregated, as their main transport mode 
is by rolling over the bed surface. Although the results present some dispersion, the plot 
presented at Figure 7.6 show the differences found in the GS threshold of motion velocity. 
 




Figure 7.6. Linear relationship between wastewater velocity, Uww (m/s), and GS velocity, UGS (m/s) 
for circular pipe with and without sediment bed. 
One of the limitations of the experiments carried out at the Bens WWTP flume are related 
with the composition of the GS. The tested plastic artificial faeces cannot be eroded or 
disintegrated by hydrodynamic forces as the ones founded in foul and combined sewers. Till 
now, few studies analyse the disintegration of faeces and other paper and flushable 
materials in laboratory or field experiments. The physical disintegration of synthetic GS 
faeces has been analysed recently by Penn et al. (2019) at a cylindrical reactor with forced 
jet flow. Synthetic gross solids were shaped ellipsoids with a diameter of 4 cm and length of 
9 cm using the recipe derived in Penn et al. (2018b). Penn et al. (2019) derived a stochastic 
model for GS disintegration based on imaging analysis of flow velocity and faeces 
disintegration.  
Nevertheless, the results from our study highlight the influence of other relevant 
mechanisms related with (i) GS transport linked with the presence of sediment beds in the 
pipe inverts, which affects in-pipe hydrodynamics, and (ii) with the release orientation and 
transport mode of the GS. Thus, further studies may be conducted using synthetic faeces 
which close to real physical and biological disintegration properties with uniform open-
channel flow conditions to assess the different GS transport modes found in this work. 
5 Conclusions 
The present research analyses the behaviour and transport of GSs carrying out tests in an 
experimental flume facility fed with wastewater. The transport of GSs was studied in a 





of experiments was carried out in a cleaned pipe without sediment bed. GSs and wastewater 
velocities presented a strong linear relationship similar to the found in previous studies. 
For the second package of test, one-week accumulation process was performed to achieve 
a representative pipe invert sediment bed. In these experiments, the orientation of the GSs 
release and transport mode were significant for the transport through the pipe. When the 
GS was transported with its larger dimension transversal to the main flow direction, the solid 
rolled over the bed surface resulting in smaller threshold velocities than the recorded 
without the presence of the sediment bed. Finally, further works may analyse the influence 
of the physical disintegration of the GS due to in-pipe flow in the GSs transport behaviour. 
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Resumen extendido de la tesis 
La acumulación de sedimentos en sistemas de saneamiento es una de las principales fuentes 
de contaminación en áreas urbanas. En los sistemas de saneamiento unitario, la red 
secundaria de tuberías, compuesta por diámetros menores a 400 mm, contribuye de forma 
significativa a la producción de estos depósitos de partículas sólidas debido principalmente 
a velocidades de flujo insuficientes durante períodos de prolongados de tiempo seco. La 
presencia de estos depósitos supone una reducción de la sección de las tuberías y, por 
consiguiente, de su capacidad de descarga, pudiendo llegar a provocar obstrucciones en 
caso de interaccionar con sólidos gruesos. Además, la persistencia de sedimentos 
acumulados favorece la generación de olores y gases nocivos. Por otro lado, la erosión y 
transporte de estos sólidos a través de desbordamientos de sistemas unitarios (DSU) hacia 
masas de agua receptoras durante los episodios de lluvia es uno de los mayores focos de 
contaminación. Asimismo, el aumento del flujo y de las cargas contaminantes en el agua 
residual provocados por episodios de lluvia pueden dar lugar a sobrecargas en las estaciones 
depuradoras de aguas residuales (EDAR). 
En el desarrollo de esta tesis se estudiaron varias soluciones a esta problemática con el 
objetivo de mejorar la eficiencia de los sistemas de saneamiento. Se analizó, entre otras 
soluciones, la mejora de las condiciones de autolimpieza en tuberías de saneamiento a 
través del diseño y validación de conducciones plásticas con sección ovoide, prestando 
atención también a su rendimiento frente al transporte de sólidos gruesos. Además, se 
llevaron a cabo varias campañas experimentales con la intención de conocer mejor los 
procesos de acumulación, erosión y transporte de sedimentos en tuberías. Para ello, en el 
desarrollo de esta tesis, se ha utilizado la Plataforma Científica de Ensayos situada en la EDAR 
de A Coruña. La principal ventaja de este modelo experimental consistía en poder realizar 
ensayos de forma controlada en conducciones de saneamiento suministrando agua residual 
urbana de la propia EDAR. Las campañas de ensayos realizadas en esta plataforma han 
permitido el desarrollo y aplicación de nuevas metodologías de caracterización de 
sedimentos depositados en tuberías, como la técnica de correlación fotogramétrica 
Structure from Motion (SfM) para determinar la morfología del lecho de sedimentos en los 
episodios de acumulación y transporte, o el estudio de la biodegradabilidad de los 
sedimentos y su influencia en el transporte de fondo. Adicionalmente, se ha dispuesto de 
las instalaciones del Instituto Federal Suizo de Ciencia y Tecnología Acuáticas (Eawag, Suiza) 
para desarrollar una metodología que permite aplicar técnicas de velocimetría acústica por 
ultrasonidos con el fin de determinar las concentraciones y tamaños de las partículas en 





El diseño y la caracterización del flujo en tuberías ovoides se describe en el Capítulo 2 de la 
tesis. Para el diseño de la sección ovoide se definen las relaciones H/R y r/R, donde H es la 
altura total, R el radio superior y r el radio inferior de la sección. Para ello, la sección ovoide 
óptima se obtuvo a partir de los criterios de mayor radio hidráulico en condiciones de tiempo 
seco y de máxima capacidad de descarga a sección completa. Una vez definidas las 
relaciones de la sección ovoide, se ensayó el comportamiento hidráulico de una tubería 
prototipo. Para ello, se instaló en el Laboratorio de Hidráulica del Centro de Innovación 
Tecnológica en Edificación e Ingeniería Civil (CITEEC) una tubería ovoide de 11 m de longitud, 
con una altura H = 385 mm, y radios R = 110 mm y r = 55mm; equivalente en área a una 
tubería circular de 315 mm de radio exterior. Las condiciones hidráulicas ensayadas 
abarcaron calados relativos (h/H) entre 0.2 y 0.5. Bajo estas condiciones se registraron los 
calados a lo largo de la tubería utilizando sondas de ultrasonidos y los perfiles centrales de 
velocidades con un Acoustic Doppler Velocimeter (ADV). Estas medidas permitieron la 
calibración de un modelo de simulación numérica Computational Fluid Dynamics (CFD) con 
el que se determinó el comportamiento hidráulico en la sección completa del ovoide (Figura 
A.1a). Las distribuciones de velocidades obtenidas con el modelo numérico CFD se 
compararon con la expresión analítica presentada por Guo et al. (2014) para canales en 
lámina libre con secciones cónicas (circunferencia, elipse, parábola e hipérbola), obteniendo 
diferencias menores al 8% (Figura A.1b). En términos de caudal promedio, las diferencias 
registradas fueron menores al 5%.  
 
Figura A.1. Comparación experimental y numérica de los perfiles de velocidad centrales para los 
calados relativos de h/H = 0.2 y 0.3 (a). Comparación entre la ecuación propuesta por Guo et al. 
(2014) y los resultados obtenidos con el modelo CFD de los contornos de velocidad, y sus errores 
relativos para un calado relativo de h/H = 0.5 (b). 
Con el modelo calibrado, se comparó el rendimiento hidráulico de la tubería ovoide con la 
correspondiente circular equivalente en área. Para ello, se realizaron varias simulaciones en 
ambas secciones para evaluar su comportamiento bajo condiciones de flujo en tubería 
parcialmente llena. Los resultados mostraron que la sección ovoide presenta mayores 
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velocidades y tensiones de arrastre medias para calados relativos h/H < 0.25, alcanzando 
una mejora del 15% en la tensión de arrastre con respecto a la tubería circular para un calado 
relativo de 0.1. Cabe destacar que estas condiciones de caudales de tiempo seco son las más 
habituales en los sistemas de saneamiento unitario. Por lo tanto, las secciones ovoides 
presentan mejores condiciones de autolimpieza para tuberías de sistemas de saneamiento 
unitario. Sin embargo, este estudio únicamente considera simulaciones numéricas y ensayos 
experimentales sin la presencia de contaminantes del agua residual ni de sedimentos 
acumulados en el fondo de las tuberías. Por ello, se realizaron varias campañas de ensayos 
en la Plataforma Científica de Ensayos en la EDAR de A Coruña, con el objetivo de estudiar 
el comportamiento de la acumulación, erosión y transporte de sedimentos en tuberías 
simulando condiciones reales de sistemas de saneamiento unitario (Figura A.2). 
 
Figura A.2. Esquema de la Plataforma Científica de Ensayos para conducciones con agua residual 
urbana situada en la EDAR de A Coruña. 
En el Capítulo 3 de la tesis se presenta la puesta en marcha de la Plataforma Científica y la 
primera campaña de ensayos realizada. Sobre el canal de ensayos, que tiene 10 m de largo 
por 0.8 m de ancho y una pendiente regulable entre el 0% y el 2%, se instaló una tubería 
circular de 315 mm de diámetro exterior y un prototipo de tubería ovoide plástica con área 
equivalente. En el final del canal se instaló una compuerta para controlar las condiciones de 
contorno aguas abajo durante los ensayos. Tanto la compuerta como la pendiente del canal 
se podían controlar de forma remota. 
El agua residual se suministraba por bombeo desde el sistema de pretratamiento de la EDAR 
hasta el depósito de cabecera de la Plataforma Científica, en donde se habían colocado 
varias sondas y un tomamuestras automático para medir las cargas contaminantes del agua 
residual. Adicionalmente, en este depósito se instaló una bomba hidráulica para recircular 
el agua residual y, así, evitar la decantación de las partículas. De este modo, en aquellos 
ensayos en los que la bomba estaba activada se introdujo una distribución de tamaños de 
partícula diferentes (Figura A.3). Por otra parte, se utilizaron dos vertederos triangulares 





las tuberías, se registraron los calados, los perfiles de velocidades y las características de los 
sedimentos utilizando varias aperturas a lo largo de las mismas. 
 
Figura A.3. Distribución de fracciones fijas y volátiles (a), y distribución acumulada de tamaños de 
partículas (b) de los sedimentos a la entrada de la plataforma con y sin recirculación en el depósito 
de cabecera. 
El procedimiento experimental de esta primera campaña de ensayos en la Plataforma 
Científica consistió en estudiar y comparar la acumulación de sedimentos en las tuberías 
circular de 315 mm de diámetro exterior y ovoide con área equivalente. Para ello, se 
establecieron flujos de agua residual constantes simulando condiciones de tiempo seco, 
variando entre cada ensayo el caudal, la pendiente de las tuberías, las condiciones de 
contorno de aguas abajo y la agitación en el depósito de cabecera. Para medir la evolución 
de la acumulación de sedimentos en el fondo se desarrolló un método a partir del 
tratamiento de imágenes en las aperturas centrales de las tuberías, en las que se capturaba 
el perfil trasversal de sedimentos con el haz que proyectaba un láser (Figura A.4). 
Adicionalmente, el depósito de sedimentos se registró con los mismos sensores de 
ultrasonidos que se utilizaron para registrar los calados. Para poder realizar ambas medidas, 
fue necesario vaciar cuidadosamente las tuberías y, de ese modo, evitar que el fondo de 
sedimentos se viese afectado. Por último, se tomaron muestras de sedimento al final del 
período de acumulación en las que se analizaron la fracción de sólidos, la distribución de 
tamaños de partículas y la demanda química de oxígeno (DQO). 
 




Figura A.4. Imagen del perfil de sedimentos apuntado con un láser (a), y procedimiento de cálculo 
del área de sedimento (b). 
En ninguno de los ensayos realizados en la tubería ovoide se ha registrado acumulación. La 
acumulación de sedimentos únicamente se ha medido en la tubería circular en aquellos 
ensayos en los que la velocidad promedio del flujo era inferior a 0.5 m/s. Por debajo de esa 
condición, las velocidades insuficientes producían el depósito de sedimentos. En estos casos, 
se identificaron dos tipos de sedimentos a partir del análisis de las muestras al final del 
período de acumulación. Siguiendo la clasificación propuesta por Crabtree (1989) se 
obtuvieron sedimentos orgánicos con un porcentaje significativo de finos depositados en el 
fondo de las tuberías y biopelículas orgánicas adheridas al contorno de las tuberías. 
Para calcular la evolución de la acumulación de sedimentos en la tubería circular se 
registraron medidas periódicas. La técnica de tratamiento de imágenes con proyección láser 
proporcionaba una mayor información y precisión de la medida de altura de sedimentos, sin 
embargo, estaba limitada a la longitud de las aperturas centrales de las tuberías. Analizando 
las alturas de sedimento registradas en la tubería circular, se observaron diferentes tasas de 
acumulación en función de las condiciones de mezcla en el depósito de cabecera. La bomba 
de agitación introducía partículas más grandes e inorgánicas, resultando más susceptibles a 
decantar. En consecuencia, se obtuvo una tasa de acumulación de sedimentos mayor en 
aquellos ensayos con condiciones de recirculación en el depósito de cabecera (Figura A.5). 
Asimismo, la ausencia de sedimentos depositados en la tubería ovoide bajo las mismas 
condiciones de flujo confirmó que en condiciones de tiempo seco la sección ovoide presenta 
un mejor comportamiento hidráulico, evitando el depósito de partículas susceptibles de ser 






Figura A.5. Altura del sedimento medida en la tubería circular de 315 mm de diámetro exterior y 
ovoide de área equivalente durante los ensayos de acumulación, marcados con diferentes símbolos 
(Anta et al., 2018). 
Las siguientes campañas experimentales realizadas en la Plataforma Científica de Ensayos 
se centraron únicamente en los procesos de acumulación, erosión y transporte en tuberías 
circulares. Como ya se ha mencionado con anterioridad, estas tuberías son las más 
habituales en las cabeceras de los sistemas de alcantarillado y pueden llegar a mostrar 
condiciones de autolimpieza insuficientes durante los períodos de tiempo seco. En el 
Capítulo 4 se introdujeron mejoras en el procedimiento experimental y nuevas 
metodologías para caracterizar la acumulación y el transporte de sedimentos en tuberías 
circulares con diámetros exteriores de 315 y 400 mm. En cuanto a los ensayos de 
acumulación, se ha realizado un experimento de acumulación durante 20 días con el 
objetivo de analizar la consolidación de los depósitos de sedimentos y la variabilidad de sus 
propiedades fisicoquímicas. Para ello, se tomaron varias muestras en diferentes días durante 
el ensayo de larga acumulación. Por otra parte, en este este capítulo también se llevaron a 
cabo ensayos iniciales de erosión y transporte después de diferentes períodos de 
acumulación. Para realizar este tipo de ensayos se incrementó el caudal de las tuberías 
durante 30 minutos una vez finalizada la fase de acumulación. Las estructuras de los 
sedimentos se caracterizaron antes y después de cada ensayo para medir el transporte de 
sólidos y la aparición de formas de fondo. 
Además de los avances en el procedimiento experimental, se desarrollaron nuevas 
metodologías para determinar el volumen de sedimentos depositados y analizar parámetros 
fisicoquímicos. Para medir la acumulación de sedimentos se aplicó la técnica fotogramétrica 
SfM. Este método permite reconstruir en 3D la superficie de sedimentos depositados y el 
contorno de la tubería a partir de una serie de imágenes tomadas del interior de las 
aperturas centrales (Figura A.6). De este modo, se obtuvieron medidas más precisas del 
volumen de sedimentos depositados y, por lo tanto, se pudieron analizar las formaciones en 
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la superficie de los sedimentos. Por otro lado, se siguieron varios protocolos de preparación 
de muestras para analizar diferentes indicadores de consumo de oxígeno. Además de 
estudiar la DQO como en el estudio anterior, también se analizó la tasa de absorción de 
oxígeno (oxygen uptake rate, OUR) como una medida de referencia de la materia orgánica 
biodegradable en las muestras de sedimento 
 
Figura A.6. Ejemplo de imagen de los sedimentos acumulados en la tubería (a). Vista de la 
reconstrucción 3D del modelo de tubería de 315 mm de diámetro exterior (b). 
Los resultados obtenidos del ensayo de larga acumulación mostraron un crecimiento lineal 
del sedimento depositado durante la primera semana de acumulación, similar al registrado 
con anterioridad. Una vez superado este umbral temporal, se alcanzó una altura de 
sedimento cuasi-contante. En cuanto a las muestras de sedimento analizadas a lo largo del 
período de acumulación, se obtuvieron pequeñas variaciones temporales en los parámetros 
físicos como la densidad, el porcentaje de sólidos y el tamaño medio de grano. Por el 
contrario, los indicadores de materia orgánica mostraron un descenso significativo a medida 
que la fase de acumulación avanzaba. Asimismo, esta reducción de la fracción volátil y de 
los indicadores de consumo de oxígeno afectó a los ensayos de erosión. La tasa de erosión 
presentó una pronunciada dependencia entre la masa erosionada y la progresiva 
consolidación y degradación de los sedimentos depositados (Figura A.7). Por lo tanto, los 
sólidos no consolidados y con mayor contenido orgánico son más susceptibles a ser 
erosionados durante los primeros días de acumulación, mientras que los sedimentos 






Figura A.7. Variación de la tasa de erosión (a) y de las propiedades fisicoquímicas iniciales de los 
sedimentos depositados (b) en ensayos con diferentes períodos de consolidación.  
Con el objetivo de consolidar los resultados anteriores, se replicaron algunos experimentos 
y, adicionalmente, se ensayaron nuevas configuraciones.  Por ello, el Capítulo 5 de la tesis 
introduce un análisis detallado de los procesos de acumulación, erosión y transporte en base 
a la serie completa de ensayos llevada a cabo en la Plataforma Científica. Parte de los últimos 
experimentos se realizaron suministrando agua residual bruta, previa al proceso de 
pretratamiento de la EDAR, a través de un sistema por gravedad. Con este sistema se 
introdujeron distribuciones de tamaños de partículas completas y sólidos gruesos, lo que 
permitió ensayar condiciones aún más próximas a las de un sistema de tuberías de 
saneamiento unitario. Además de las tuberías circulares de 315 y 400 mm, este estudio 
incluyó la tipología de tubería plástica circular corrugada con diámetro exterior de 315 mm. 
Como novedad en el procedimiento experimental, se ensayaron diferentes períodos de 
acumulación y consolidación del lecho de sedimentos (3, 7 y 21 días), en los que se 
caracterizó la evolución de las propiedades fisicoquímicas. Asimismo, algunos de los ensayos 
de erosión y transporte de sedimentos se realizaron incrementando la velocidad media del 
flujo en las tuberías de forma sucesiva con el objetivo de establecer diferentes condiciones 
de tensión de arrastre en el lecho (Figura A.8).  
 




Figura A.8. Procedimiento experimental para las fases de acumulación y erosión. 
La tasa de acumulación obtenida de la serie completa de ensayos fluctuó entre 0.8 y 6.2 
mm/día. Esta tasa se obtuvo a partir de la evolución de la altura de sedimentos durante, 
como máximo, los primeros 7 días de acumulación. Los valores de acumulación más 
elevados se obtuvieron en aquellos ensayos con velocidades del flujo pequeñas (< 0.3 m/s) 
y suministro de agua residual bruta por gravedad, ya que introducía mayores 
concentraciones de sólidos en suspensión. En la comparación entre los distintos diámetros 
y tipologías de tuberías, no se obtuvieron diferencias significativas. 
A partir del análisis de las muestras de sedimentos se corroboró la transformación de las 
propiedades fisicoquímicas durante la fase de acumulación y consolidación. En total se 
analizaron 88 muestras de sedimentos, divididas en muestras de sedimentos de lecho (44 
muestras) y biopelículas (44 muestras), en función de la clasificación propuesta por Crabtree 
(1989) mencionada anteriormente. El análisis de las muestras de sedimentos de fondo 
confirmó que los valores de la fracción volátil de sólidos (VS/TS) y los indicadores de 
degradación de la materia orgánica (DQO y OUR) disminuían a medida que el sedimento se 
consolidaba, especialmente durante los primeros días de acumulación (Figura A.9a). Por el 
contrario, los valores de los parámetros físicos de fracción de sólidos totales (TS) y densidad 
húmeda (wet density) mostraron un ligero aumento (Figura A.9b). Con respecto al análisis 
de las muestras de biopelículas, se obtuvieron valores más elevados de los indicadores de 
materia orgánica. Además, la degradación de la materia orgánica fue similar a la registrada 
en las muestras de sedimento de fondo, sin embargo, los valores obtenidos de la fracción 







Figura A.9. Variaciones temporales en los valores medios y en las desviaciones típicas de las 
propiedades fisicoquímicas (fracción volátil, DQO, OUR, fracción de sólidos totales, y densidad 
húmeda) de los sedimentos de fondo (a y b) y de las biopelículas (c y d). 
Los ensayos de erosión y transporte se centraron en cuantificar el movimiento de 
sedimentos de fondo producido por diferentes condiciones de resistencia del lecho, que 
depende del flujo de agua residual y del estado inicial de los sedimentos depositados. La 
resistencia del lecho de sedimentos se evaluó mediante la tensión de arrastre de fondo (𝜏 ), 
obtenida a partir del máximo del perfil de tensiones de Reynolds próximas a la superficie del 
lecho de sedimentos. En algunos casos, estos perfiles de tensiones se vieron alterados por 
la presencia de formas de fondo, que dependían de las condiciones de velocidad de corte 
(𝑢∗) y del tamaño de los sólidos depositados (𝑑 ). Para obtener su distribución espacial se 
utilizó la técnica SfM, lo que permitió determinar las alturas y longitudes de las formas de 
fondo. 
La influencia de estas formaciones en la resistencia del lecho de sedimentos se evaluó a 
partir de la descomposición de la tensión de arrastre de fondo (𝜏 ), que se suele expresar 
como la suma de las tensiones de arrastre por rozamiento del lecho y por formas de fondo, 
𝜏  y 𝜏  respectivamente. Para ello, lo habitual es comparar los valores adimensionales de la 
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tensión de arrastre de fondo total con la tensión de arrastre por rozamiento del lecho, 
obteniendo las variables 𝜃 = 𝜏 (𝑔(𝜌 − 𝜌)𝑑 )⁄  frente a 𝜃 , calculada de igual forma a 
partir de 𝜏 . Adicionalmente, existen ecuaciones basadas en estudios experimentales, como 
los de Engelund y Hansen (1967) y Ota y Nalluri (2003), que permiten evaluar la influencia 




                     (A-1) 
𝜃 = 18𝜃
.
                     (A-2) 
Los resultados obtenidos en los ensayos de erosión y transporte mostraron valores similares 
de 𝜃  y 𝜃  en condiciones de lecho plano, mientras que en los ensayos en los que se observó 
presencia de formas de formo se registraron valores ligeramente superiores de 𝜃  (Figura 
A.10). Sin embargo, en esos casos, las diferencias entre 𝜃  y 𝜃  resultaron ser menores que 
las estimadas por las ecuaciones anteriores, debido al lecho de sedimentos orgánicos y 
cohesivos presentes en los ensayos frente a las arenas no-cohesivas utilizadas en los 
estudios de Engelund y Hansen (1967) y Ota y Nalluri (2003). 
 
Figura A.10. Resultados de las tensiones adimensionales de fondo total, y por rozamiento del lecho, 
en comparación con las aproximaciones formuladas por Engelund y Hansen (1967) y Ota y Nalluri 
(2003).  
Asimismo, las formas de fondo también afectan a la erosión y transporte de sedimentos. Por 
ello, las fórmulas para la predicción del movimiento de partículas se basan históricamente 
en la tensión de arrastre por rozamiento del lecho (𝜏 ). En la literatura, nos encontramos 
con dos tipos de formulaciones para estimar la erosión y el transporte de sedimentos en 
función de la composición del lecho de sedimentos; el transporte de partículas granulares, 





cohesivas. Siguiendo el criterio de estudios anteriores similares (e.g., Banasiak y Verhoeven, 
2008), el modo de transporte de sedimentos se clasificó como transporte de fondo (𝑞 ), 
medido a partir de la diferencia entre la masa de sedimentos depositada al inicio y final de 
los ensayos. 
A partir del análisis de la tensión de arrastre por rozamiento del lecho (𝜏 ) frente al 
transporte de fondo (𝑞 ) se obtuvo que el tiempo de consolidación precedente, además de 
afectar a las transformaciones de las propiedades fisicoquímicas de los sedimentos, también 
influía en el umbral de movimiento. Como ejemplo, para condiciones de tensión de arrastre 
pequeñas, los ensayos con períodos de acumulación de 3 días mostraron una mayor tasa de 
transporte de sedimentos que los ensayos con períodos de consolidación superiores a 7 días 
(Figura A.11). Por consiguiente, pequeñas variaciones en las condiciones del flujo en tuberías 
con presencia de sedimentos poco consolidados provocan una mayor resuspensión y 
transporte. Asimismo, las transformaciones de las propiedades fisicoquímicas de los 
sedimentos favorecen la cohesión y resistencia del lecho.  
 
Figure A.11. Cont. 
 




Figura A.11. Valores registrados de transporte de fondo frente a la tensión de arrastre por 
rozamiento del lecho en los ensayos de erosión con diferentes tiempos de acumulación precedentes 
de 3 (a), 7 (b), y 21 (c) días, en comparación con los resultados obtenidos por Banasiak y Verhoeven 
(2008) (curva negra). 
Los valores de transporte de fondo se compararon con ecuaciones que estiman su valor 
adimensional 𝜙 = 𝑞 /(𝜌 (𝑔𝑑 (𝜌 − 𝜌)/𝜌) . ). En la literatura, existen múltiples 
ejemplos de modelos que predicen el valor de 𝜙  en función de las condiciones de tensión 
de arrastre (𝜃 ) y, en algunos casos, de las propiedades de las partículas. Con el objetivo de 
simplificar esta comparación se seleccionaron dos modelos 𝜙  – 𝜃  desarrollados a partir 
de medidas de transporte de fondo en tuberías de saneamiento reales con mezclas 
orgánicas y cohesivas (Arthur et al., 1996) y, por otro lado, de ensayos de laboratorio en 
tuberías con materiales granulares y uniformes (Ota y Nalluri, 2003), dando como resultado 
a las ecuaciones A-3 y A-4 respectivamente: 
𝜙 = 2.2775 × 10 𝜃
.
𝐷∗
. 𝑍 . (𝐵 ℎ⁄ ) .                  (A-3) 
𝜙 = 16.5(𝜃 − 0.036) .                     (A-4) 
Para llevar a cabo la comparativa entre los resultados obtenidos y las ecuaciones anteriores 
fue necesario clasificar los ensayos en función de la profundidad de erosión (𝛿) (Figura A.12). 
De este modo, se observó que los ensayos con una erosión significativa se ajustaron mejor 
a la Ecuación A-3, propuesta por Arthur et al. (1996). Por el contrario, la Ecuación A-4, 
enunciada por Ota y Nalluri (2003), sobrestimó el transporte de sedimentos de fondo en las 






Figura A.12. Resultados adimensionales del transporte de fondo frente a la tensión de arrastre por 
rozamiento del lecho, en comparación con las ecuaciones propuestas por Arthur et al. (1996) y Ota 
y Nalluri (2003). 
Además del transporte de fondo en tuberías, los modelos de transporte total de sedimentos 
tienen en consideración el transporte en suspensión. Esta fracción dentro del transporte de 
sedimentos es relevante en aguas residuales y pluviales, ya que los sólidos que arrastran 
pueden provocar impactos severos en las masas de agua receptoras en caso de 
desbordamientos de los sistemas de saneamiento y drenaje. Además, aunque la variabilidad 
de la concentración de sólidos en suspensión en estas circunstancias se ha estudiado de 
forma extendida, el conocimiento de las dinámicas de distribución de los tamaños de 
partículas y su composición es todavía limitado. Por este motivo, en el Capítulo 6 se presenta 
un procedimiento innovador para caracterizar las partículas en suspensión. Esta técnica se 
basa en el registro del eco de señales acústicas emitidas por sensores Doppler 
multifrecuencia con el objetivo de inferir la concentración y el tamaño medio de las 
partículas (Figura A.13a). Para ello, se utilizaron los sensores UB-Flow F315 y UB-Lab 
(Ubertone, Francia), con los que se registraron perfiles de turbidez acústica (Figura A.13b).  
Estos perfiles derivan de la combinación de la atenuación de la señal y de su retrodispersión, 
que puede aproximarse a través de la siguiente ecuación exponencial (Abda et al., 2009): 
𝑇 (𝑟) = 𝛽 , (𝑟)𝑒
∫ , ( )                    (A-5) 
donde 𝑇 (𝑟) es el valor de la turbidez acústica en un punto 𝑟 del perfil para una frecuencia 
de emisión 𝑗 y 𝛼 , (𝑟) y 𝛽 , (𝑟) son los coeficientes de atenuación y retrodispersión, 
respectivamente.  
 




Figura A.13. Modelo conceptual para estudiar la aplicación del eco de señales acústicas emitidas 
por sensores Doppler multifrecuencia en el análisis partículas en suspensión con diferentes tamaños 
y concentraciones (a). Obtención de los parámetros de atenuación y retrodispersión (S e I, 
respectivamente) extraídos de la regresión logarítmica del perfil acústico de turbidez (b). Figuras 
extraídas de Blumensaat et al. (2017). 
La campaña de ensayos se realizó en el canal de ensayos del Laboratorio de Aguas Residuales 
del Eawag (Dübendorf, Suiza), para la cual, se utilizaron arena y partículas plásticas. A pesar 
de que las partículas plásticas no son sólidos en suspensión habituales en aguas residuales, 
son más ligeras que la arena, por lo que son más sencillas de mantener en suspensión a la 
hora de medir la turbidez acústica para poder desarrollar esta técnica. Además, este estudio 
se centró en partículas con un tamaño medio inferior a 63 µm debido a su relevancia como 
fracción de referencia de las concentraciones de sólidos en suspensión. 
Se realizó una serie de ensayos con diferentes concentraciones de partículas, tamaños de 
partículas y frecuencias de emisión. Esta campaña se dividió en dos procedimientos; una 
parte de los ensayos se realizó bajo unas condiciones controladas de agitación y suspensión 
dentro de un tanque de agua (configuración Tanque, Figura A.14a) y, por otro lado, se 
llevaron a cabo las mismas condiciones en el canal de ensayos (configuración Canal, Figura 
A.14b). Este segundo procedimiento aproximaba mejor las condiciones reales dentro de una 
tubería de saneamiento.   
 
Figura A.14. Esquema de las configuraciones Tanque (a) y Canal (b). 











Los resultados evidenciaron una clara dependencia entre las concentraciones de sólidos y 
los tamaños de partículas, y los coeficientes de turbidez acústica, mostrando una mayor 
sensibilidad a las frecuencias de emisión altas. En los dos procedimientos, los valores de 
turbidez acústica aumentaron a medida que la concentración de partículas crecía. Sin 
embargo, en cuanto al tamaño de las partículas, se obtuvieron valores inconsistentes de los 
coeficientes de atenuación y retrodispersión entre ambos procedimientos (Figura A.15). El 
motivo aparente de esta contradicción está en la presencia de burbujas generadas por la 
descarga del flujo en los ensayos realizados en el canal, introduciendo de este modo una 
partícula adicional al modelo de turbidez acústica. Por ello, los próximos estudios en esta 
línea deberán centrarse en la descomposición de la señal acústica, teniendo en cuenta la 
presencia de burbujas. 
 
Figura A.15. Comparación de los valores de atenuación (a) y retrodispersión (b) obtenidos con una 
frecuencia de emisión de 9.375 MHz para distintas concentraciones volumétricas. Los símbolos 
coloreados indican los diferentes tamaños de partículas (en µm). 
El último proceso de transporte de sedimentos abordado en esta tesis es el de sólidos 
gruesos o gross solids (GS), en el Capítulo 7. Este tipo de sólidos proceden de las descargas 
de los inodoros y pueden dar lugar a obstrucciones en redes de saneamiento, problemas de 
operación en EDAR e impactos eventuales si son arrastrados por DSU hacia las masas de 
agua receptoras. Se define un gross solid como cualquier sólido con densidad próxima a la 
del agua y con, al menos, una de sus dimensiones mayor a 6 mm. En este estudio, se han 
utilizado GS normalizados impresos en 3D con los que se ha realizado una campaña de 
ensayos en la Plataforma Científica situada en la EDAR de A Coruña, con el objetivo de 
caracterizar su transporte en una tubería circular de 400 mm de diámetro exterior y una 
tubería ovoide con área equivalente. Los ensayos se planificaron para diferentes condiciones 
de caudal y calado en ambas tuberías. Durante la campaña experimental, se ensayaron dos 
orientaciones de salida de los GS en las tuberías; de forma longitudinal y trasversal a la 
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dirección del flujo (Figura A.16, a y b). Adicionalmente, se estudió el movimiento de GS en 
condiciones de presencia y ausencia de sedimentos de fondo en la tubería circular. 
Para estudiar el comportamiento de transporte de los GS se ha utilizado un modelo lineal 
que relaciona la velocidad del gross solid  (𝑈 ) con el flujo de agua residual (𝑈 ): 
𝑈 = 𝛼 · 𝑈 + 𝛽                      (A-6) 
Este modelo fue propuesto por Schütze et al. (2000) y Butler et al. (2003), donde 𝛼 y 𝛽 (m/s) 
son los coeficientes que definen la pendiente y la intersección con el eje de ordenadas 
respectivamente. Como resultado de los ensayos sin lecho de sedimentos se ha obtenido un 
comportamiento linear similar entre 𝑈  y 𝑈  para la tubería circular y ovoide en 
concordancia con las referencias anteriores (Figura A.16c). Además, se obtuvieron valores 
de 𝑈  mayores en la tubería ovoide, lo que indica un mejor comportamiento de esta 
sección en cuanto al transporte de GS. Por último, se observó que en ausencia de 
sedimentos el transporte de GS no está condicionado por su orientación de salida. 
 
Figura A.16. Transporte de GS en la tubería circular con orientaciones de salida longitudinal (a) y 
trasversal (b). Regresión lineal entre las velocidades del flujo de agua residual, Uww (m/s), y del gross 
solid, UGS (m/s), en las tuberías circular y ovoide en condiciones de ausencia de sedimentos 
depositados. 
Los ensayos de transporte de GS con lecho de sedimentos se realizaron únicamente en la 
tubería circular después de una semana de acumulación, ya que no se observaron 
sedimentos depositados en la tubería ovoide. Al contrario que en los ensayos anteriores, en 
esta campaña se comprobó que la orientación del GS en la salida y durante su transporte 
condiciona el tiempo de recorrido y, por lo tanto, su velocidad 𝑈 . De este modo, cuando 
la orientación de la dimensión mayor del GS resultó perpendicular al flujo, el GS se 





similares a las del flujo de agua residual y reduciendo su umbral de movimiento (Figura A.17). 
En los casos en los que su orientación se mantuvo longitudinal al flujo, el movimiento se 
produjo de forma brusca y abrupta debido al impacto con el lecho de sedimentos. 
 
Figura A.17. Regresiones lineales entre las velocidades del flujo de agua residual, Uww (m/s), y del 
gross solid, UGS (m/s), en función de su orientación en los ensayos realizados en la tubería circular 
con y sin sedimentos depositados. 
Como conclusión final, el trabajo desarrollado en esta tesis trata de aportar un mayor 
conocimiento sobre los procesos relacionados con la acumulación, erosión y transporte de 
sedimentos en sistemas de saneamiento unitario. Para ello, se realizó una amplia campaña 
de ensayos para la cual se dispuso de varias instalaciones experimentales. Entre las 
soluciones estudiadas se evaluó el diseño y rendimiento hidráulico de tuberías ovoides 
plásticas para mejorar las condiciones de autolimpieza y de transporte de sólidos gruesos. 
Asimismo, durante este trabajo se han desarrollado nuevas técnicas y metodologías para la 
caracterización de los sedimentos depositados en las tuberías circulares convencionales. La 
composición y degradación de las propiedades de estos sedimentos han resultado ser 
factores determinantes para evaluar su capacidad de erosión y transporte. Los resultados 
obtenidos suponen un paso adelante hacia el desarrollo de modelos más precisos para 
predecir el transporte de sedimentos en tuberías y, con ello, mejorar en la gestión de 
sistemas de saneamiento unitarios y separativos. 
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